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Abstract
Soil degradation is one of the most crucial problems humanity is facing. This is in-
duced by the use of artificial fertilizers that disregards the input of organic matter
in soil. Moreover, phosphate fertilizers are predominantly sourced from phosphate
rock – a resource that is declining in both quantity and quality. In this thesis the
integration of treatment systems for black and grey water was investigated to improve
resource recovery within source-separated sanitation concepts. Special focus was set
on phosphate and organic fertilizer recovery from vacuum collected black water. Cur-
rently, the soil application of black water sludge is prohibited in the Netherlands due
to elevated heavy metal concentrations. However, the use of the same guidelines for
sewage and black water can be argued, since heavy metals in black water mainly orig-
inate from feces (52%–84%) while in sewage the contribution of feces is less than 10%.
To distinguish these streams in the sludge reuse regulation, a control parameter can
be implemented, such as the Hg and Pb content that is significantly higher in sewage
sludge compared to black water sludge (from 50– to 200–fold). The heavy metals in
feces and urine are primarily from dietary sources, and by promoting the black water
sludge soil application over livestock manure and artificial fertilizers, the heavy metal
content in the soil/food cycle could be further reduced. To improve energy recovery
within source-separated sanitation concepts, the organic matter in grey water can be
utilized by concentrating it in a bioflocculation unit. Anaerobic grey water sludge
treatment with black water increased energy recovery by 23% in the upflow anaerobic
sludge blanket (UASB) reactor compared to black water treatment, but introduced
more heavy metals in the sludge, hindering its soil application. Instead, the flushing
volume for black water vacuum collection could be lowered to decrease the energy
consumption and heavy metal loading in black water treatment. A novel approach
to simultaneously recover phosphate and energy was introduced by precipitation of
calcium phosphate granules in anaerobic treatment of black water. Without any ad-
dition of chemicals, high purity calcium phosphate granules (≥95%) were produced
in the sludge bed of the UASB reactor. Further research is needed to render all of
the phosphate in black water as pure calcium phosphate granules by optimizing the
physical, chemical and biological parameters of the granulation process.
Keywords: black water, grey water, phosphate recovery, organic fertilizer recov-
ery, anaerobic treatment, heavy metals
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Chapter 1
General introduction
1.1 New paradigm for wastewater management
Humanity’s growing hunger for consumption has resulted in vast environmental dam-
age and depletion of natural resources. During the last decades, environmental pro-
tection has been riding on the concept of eco-efficiency to minimize material use and
emissions. This has resulted in limited improvements in the state of the planet, and
has prolonged the transition from a dysfunctional paradigm into a new way of think-
ing and doing. To move beyond eco-efficiency and zero emissions, the concept of
eco-effectiveness has been adopted to describe the cradle-to-cradle design paradigm
in production and consumption of goods and services. Within this concept the qual-
ity and productivity of materials is maintained or enhanced through their life cycle,
known as up-cycling [21]. According to this concept, the reprocessing of biological
materials is carried out by ecological processes, resulting in the regeneration and
replenishment of natural systems. Urban water cycle is one of the key processes con-
necting human activity to natural systems. The health and well being of both human
population and environment is therefore dependent on the integration of urban water
systems with the natural systems. The method of natural biological mineralization
route emphasizes anaerobic processes for the treatment of wastewater, combining the
effectiveness of natural systems with the aim of resource recovery [107]. In order to
facilitate this method, a new framework is required to replace the outdated, inflex-
ible infrastructure of the current water systems, by strengthening the cooperation
between different stakeholders [68, 72].
New sanitation with source-separation and on-site treatment of domestic waste-
water is acknowledged as one of the most promising approaches to optimize resource
recovery [103]. Within this approach, higher resource recovery efficiencies can be
reached due to lower dilution, and higher quality recovery products can be attained
due to separation of different waste streams. Domestic wastewater can be divided
into black water, originating from toilet, and can be further divided into feces and
urine using a urine diverting toilet, grey water, originating from shower, laundry and
other washing activities, and kitchen refuse that is solid kitchen waste disposed by a
kitchen grinder (Figure 1.1). Several different chemical, physical and biological treat-
ment technologies, such as electrochemical and precipitation processes, membrane
systems, and aerobic/anaerobic processes, have been introduced for resource recovery
from the different domestic wastewater fractions [104]. Domestic wastewater holds a
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considerable energy potential [124], and new configurations on the existing treatment
concepts have been proposed to improve energy recovery from source-separated waste
streams [205]. Full scale results within decentralized sanitation and reuse (DESAR)
concept on source-separation and on-site treatment of black water/feces and urine,
grey water, and kitchen refuse have shown successful recovery of energy and nutri-
ents, such as nitrogen and phosphorus [225]. The wide variety of technologies and
treatment concepts for source-separated waste streams requires systematic scenario
studies to realize the most optimal configuration for resource recovery at different
locations and environmental conditions.
Figure 1.1: Source-separated domestic wastewater streams
1.2 Organic fertilizer recovery
Soil degradation through erosion and land use is one of the most crucial, yet largely
hidden and underestimated problem humanity is facing. Rapid population growth,
urbanisation and climate change induce out-of-balance carbon and nutrient flows,
declining soil fertility at an alarming rate. Around 80% of the arable land in Africa is
seriously degraded [197]. Several regions in Europe encounter decline in soil organic
matter, and for example 25% of the soil organic carbon reserve in arable land in
Belgium is lost during the past three decades [65]. The organic matter content of
soil is a key factor determining its nutrient-holding capacity, and the supply of both
3
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organic and mineral nutrients is therefore essential to sustain food production [197].
Application of artificial fertilizers often dismisses the use of organic fertilizers to
replace the outflow of carbon through harvested crops, breaking the balance between
decomposition and assimilation of organic carbon in soil. The nature of the problem
is insidious, as the rate of assimilation of stable organic carbon in soil is a very slow
process compared to the rate of decomposition. To ensure global food security, soil
fertility needs to be improved by recycling organic nutrients in agriculture.
A major portion of the nutrients leaving agriculture is in the food products. Since
the human body excretes almost all the nutrients that are consumed with food, urine
and feces contribute one of the largest fractions of the nitrogen and phosphorus flows
in society [172]. In the past with cities close to the agricultural fields, human excreta,
also known as ’night soil’, was spread to the land to recycle back the nutrients (Figure
1.2 left side) [8]. However, as the cities grew, public health concerns influenced the
sanitation revolution to move from a land-based system to a water-based system
(Figure 1.2 right side). Currently, urine and feces are mixed with rest of the sewage,
contaminating and diluting the valuable nutrients with industrial eﬄuents, rain water
and grey water, and either losing them during the treatment process or trapping them
in polluted sewage sludge.
Figure 1.2: Night soil collection in Delft (NL) in early 20th century (left) [113] and building
of first sewer lines in Rotterdam (NL) in late 19th century (right) [112]
In an urbanized society with a broken cycle of organic nutrients, other sources are
used in agriculture to improve soil fertility. Peat is an ideal growing medium, used in
horticulture and as a soil improvement in agriculture. In the Netherlands, 4.2 million
m3 of peat is imported yearly from Germany, Ireland and the Baltic states [18]. Peat
4
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extraction and transportation, however, induce soil degradation and increase CO2
emissions, since carbon in the soil carbon stock is freed into the atmosphere as CO2.
A better alternative is to use locally produced bio-solids, such as organic municipal
waste, by-products of agriculture and food industry, and domestic wastewater/black
water sludge as organic fertilizers [172]. Livestock manure is conventionally applied
in soil to improve the organic carbon and nutrient balance farm-on-site, yet the
application of artificial fertilizers is often simultaneously practiced. To close the
cycle of organic carbon and phosphorus between cities and agricultural land, the soil
application of sewage sludge is promoted. However, the presence of heavy metals and
other toxins in the sludge often restricts its use [168]. Within the European Union
(EU), soil application of sewage sludge is regulated under the Directive 86/278/EEC
that defines the maximum permissible heavy metal concentration and load in the
sludge and soil [53]. Several member states, the Netherlands being among the most
rigid, have further defined national limit values below the EU Directive [87]. For
this reason the soil application of sewage sludge is prohibited in the Netherlands,
and currently almost all of the sludge is incinerated, mineralizing the organic carbon
into the atmosphere (Figure 1.3 left side) [17, 58]. By source-separation of black
water, external input of heavy metals, such as industrial eﬄuents, surface run-offs
and grey water can be eliminated, and organic carbon and nutrients returned back
to the soil/food cycle, reducing the need for peat and artificial fertilizers (Figure 1.3
right side). This is a particularly attractive alternative in organic farming, where the
use of artificial fertilizers is prohibited.
Figure 1.3: Organic carbon and nutrient flows in sewage and black water collection
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Although the heavy metal content is significantly lower compared to sewage sludge,
the soil application of black water sludge is prohibited in the Netherlands due to el-
evated Cu and Zn concentrations [41]. The use of the same guidelines for sewage
and black water can be argued, since black water is mainly characterized by human
originated content (feces and urine) while sewage is often a mixture of industrial and
domestic wastewater, and rainwater. Furthermore, for example, by vacuum collection
of black water, a minimum amount of flushing water is used to produce a concen-
trated stream with reduced input of heavy metals from tap water. To promote the
recycling of organic carbon and nutrients, and to control the input of heavy metals
into agricultural soil, a new targeted heavy metal regulation is required based on the
origin of heavy metals in the waste stream. Additionally, the input of heavy metals
from manure and artificial fertilizers into agricultural soil should be included in the
regulation. In this way the recycling of organic fertilizers could be promoted while
improving the soil quality by decreasing the heavy metal content in the soil/food
cycle.
1.3 Phosphate recovery
Phosphorus is an essential and irreplaceable element in food production. To increase
crop yield, external sources of phosphorus has been introduced in agriculture since
mid 20th century [80]. Phosphate fertilizers are predominantly sourced from phos-
phate rock – a resource that is declining in both quantity and quality (Figure 1.4).
Most of the remaining phosphate rock reserves are controlled by Morocco, China and
US, leading to a geopolitically unstable situation in terms of phosphate rock supply
and price [35]. Beside the political implications of phosphate rock mining, trans-
porting and consumption of phosphate rock is highly inefficient. Significant amount
of energy (20 MJ/kgP) is used for transporting of phosphate rock and phosphate
fertilizers to end users [163], of which large part rely on fossil fuels. In terms of
phosphate rock consumption, 25% from the 1 billion tonnes of phosphate mined over
the past 50 years is wasted into water bodies and landfills [153]. Phosphate rock
mining also involves significant amount of heavy metals and radioactive substances
that are released into the environment, not only at the mining site, but also through
the use of phosphate fertilizers. Phosphogypsum is a radioactive waste by-product
produced five times the amount of phosphate mined, and needs to be stockpiled for
6
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disposal [193]. Uranium and cadmium (among other heavy metals) are geochemi-
cally associated with phosphate rock, and can be transferred into soil through the
use of phosphate fertilizers [157]. To continue to meet the nutrient demand with
phosphate rock mining, increased input of energy and resources are required together
with increased volumes of waste and pollution. Therefore, from a political, economi-
cal and environmental point of view, phosphate recovery locally from waste streams
is a prerequisite for global food security and sustainability.
Figure 1.4: Phosphate rock mining in Togo, West Africa [28]
Food production in Europe is mostly dependent on imported phosphorus [201].
In 2008 the net import of phosphorus in the Netherlands was 51 000 tonnes, while
only 3% of the phosphorus in waste streams was recycled back to agriculture, the
rest ending up in incineration ash or landfills [40]. Phosphorus in livestock manure
accounts for up to 50% of the agricultural demand in Western Europe, but the spatial
and temporal mismatch between supply and demand prevent the full utilization of
this stream [165]. Human excreta accounts for 22% of the global annual phosphorus
demand, and the sanitation infrastructure enables better match between collection,
7
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recovery and distribution of phosphorus compared to manure [165]. However, globally
only 10% of the phosphorus in human excreta is recovered. Since human excreta are
mixed with rest of the sewage in centralized collection systems, heavy metals and
other toxins often prevent the utilization of the nutrients present in sewage sludge.
Within EU only around 40% of sewage sludge is applied in soil, while the rest is either
landfilled, incinerated or disposed in other way [87]. To increase phosphate recovery,
several technologies have been introduced to produce a reusable phosphate product
from various waste streams. The most common phosphate recovery technologies are
precipitation of magnesium ammonium phosphate, known as struvite, and calcium
phosphate from livestock manure and different fractions of domestic wastewater [105,
36].
Phosphate recovery from livestock manure, sewage and source-separated waste-
water with different recovery products and technologies are presented in Table 1.1.
In most of the recovery technologies, addition of either acid or base is required for
selective precipitation of phosphate, and addition of either calcium or magnesium salt
is required for increasing the supersaturation of the phosphate product. The tech-
nologies presented here have been studied on a lab– and pilot–scale, and few of them
have also been established on an industrial scale with a commercialized phosphate
recovery product, such as the Crystalactorr, PHOSNIX and OSTARA processes.
However, the Crystalactorr process is currently out of operation due to high op-
eration costs from chemical additions [85]. The recovery process, in particular the
chemical additions influence greatly the feasibility of phosphate recovery. In addi-
tion, the wastewater source influences the feasibility of the recovery process and the
purity of the product. For example, phosphate recovery from sewage sludge ash is
energy intensive and costly, and involves high levels of heavy metals [111]. Other
toxins present in wastewater, such as micropollutants, may also influence the qual-
ity of the recovered phosphate. Source-separation of domestic wastewater provides a
stream with lower levels of heavy metals and micropollutants compared to sewage and
manure [220]. Black water/feces and urine are therefore ideal sources for phosphate
recovery.
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Table 1.1: Phosphate recovery from livestock manure, sewage and source-separated waste-
water: recovery products and technologies
Waste stream P product Recovery technology Reference
Livestock manure
Dairy manure CaPhosphate FBR [70]
Swine manure Struvite FBR [177]
Calf manure Struvite CSTR [164]
Sewage
Side stream CaPhosphate FBR (Crystalactorr, NL) [63]
of EBPR CaPhosphate FBR/Fixed bed/CSTR [12]
(P-ROC, Germany)
Membrane Struvite FBR [20]
concentrate
Sludge liquor Struvite FBR [167, 22]
(PHOSNIX, Japan) [191]
(OSTARA, Canada) [146]
(PRISA, Germany) [144]
Digested sludge Struvite Acid extraction [131, 222]
(SEABORNE, Germany)
Sewage sludge ash Al/CaPhosphate Acid extraction [158]
(SEPHOS, Germany)
Struvite Thermochemical [147, 176]
CaPhosphate Acid extraction [142, 57]
Source-separated
wastewater
Urine Struvite CSTR [219, 188]
(SaNiPhosr, NL) [64]
(SANIRESCH, Germany) [156]
Black water Struvite CSTR [94]
EBPR enhanced biological phosphorus removal
FBR fluidized bed reactor
CSTR continuously stirred tank reactor
Recovery of struvite is widely applied, mostly due to its spontaneous precipitation
process and the co-precipitation of ammonium, resulting in a product that can be
reused as a slow release fertilizer in agriculture [50]. However, recovered phosphate
product needs to be certified in order to be used as a fertilizer, and the reuse of
struvite in agriculture is therefore limited with the exception of few commercialized
struvite products such as PHOSNIX and OSTARA. Moreover, struvite cannot be
9
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used as raw material in fertilizer industry using the existing process technology, due
to the presence of ammonium and magnesium [51]. Recovery of calcium phosphate
is more beneficial as it has the effective composition of phosphate rock, and can be
therefore used as raw material in fertilizer industry. Calcium phosphate can also be
used as a direct fertilizer, provided that the bioavailability of phosphate is sufficient.
There is a need to recover phosphate as a high value product from a source-separated
stream with reduced heavy metal content, in a process with minimum addition of
chemicals.
1.4 Scope of this thesis
Source-separation of domestic wastewater presents a great potential for resource re-
covery. The aim of this project was to develop an integrated treatment system for
black and grey water to improve resource recovery within source-separated sanitation
concepts. Special focus was set on the recovery of phosphate and organic fertil-
izer from vacuum collected black water. Optimal resource recovery is dependent on
the selection of existing treatment processes and the local environmental conditions.
For this reason, the integration of different treatment processes at different levels of
source-separation for energy, water and nutrient recovery is investigated in Chapter
2 using a mass and energy balance-based model. Heavy metal concentration of black
water sludge is currently the most important parameter limiting its reuse in agri-
culture. In Chapter 3 the heavy metal mass balance of black water is determined
and compared with sewage, and the primary origin of heavy metals is investigated
to discuss the influence of black water sludge reuse on the heavy metal content in
the soil/food cycle. Domestic wastewater holds a great energy potential, and the im-
provement of energy recovery is studied in Chapter 4 by anaerobic grey water sludge
treatment with black water. Emphasis was also laid on the influence of grey water
sludge addition on the excess sludge quality in terms of heavy metals to ensure its soil
application. Recovery of a high value phosphate product, such as calcium phosphate,
is a necessity for optimal phosphate recovery. In Chapter 5 a novel approach to phos-
phate recovery is presented by calcium phosphate granulation in anaerobic treatment
of black water. Finally, a sanitation concept is proposed in Chapter 6 based on the
knowledge gathered in this thesis, and the outline of the following research is further
discussed.
10
Chapter 2
Prospects of source-separated
sanitation concepts: A
model-based study
Abstract
Separation of different domestic wastewater streams and targeted on-site treatment
for resource recovery has been recognized as one of the most promising sanitation con-
cepts to re-establish the balance in carbon, nutrient and water cycles. In this study a
model was developed based on literature data to compare energy and water balance,
nutrient recovery, chemical use, eﬄuent quality and land area requirement in four
different sanitation concepts: (1) centralized; (2) centralized with source-separation
of urine; (3) source-separation of black water, kitchen refuse and grey water; and (4)
source-separation of urine, feces, kitchen refuse and grey water. The highest primary
energy consumption of 914 MJ/capita(cap)/year was attained within the centralized
sanitation concept, and the lowest primary energy consumption of 437 MJ/cap/year
was attained within source-separation of urine, feces, kitchen refuse and grey water.
Grey water bioflocculation and subsequent grey water sludge co-digestion decreased
the primary energy consumption, but was not energetically favorable to couple with
grey water eﬄuent reuse. Source-separation of urine improved the energy balance,
nutrient recovery and eﬄuent quality, but required larger land area and higher chem-
ical use in the centralized concept.
This chapter has been published as: Tervahauta, T., Hoang, T., Herna´ndez Leal,
L., Zeeman, G., Buisman, C., 2013. Prospects of source-separation-based sanitation
concepts: A model-based study. Water 5 (3), 1006-1035.
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2.1 Introduction
Separation of different domestic wastewater streams and targeted on-site treatment of
these streams for resource recovery has been recognized as one of the most promising
concepts to re-establish the balance in carbon, nutrient and water cycles [103, 141,
218, 227]. Domestic wastewater can be divided into two major streams: concentrated
stream of black water (feces and urine) and kitchen refuse, and less concentrated
stream of grey water from washing activities, such as laundry, shower and bath.
Black water can be further divided into urine and feces using urine diverting toilets
or urinals. Energy and nutrients can be recovered primarily from the concentrated
streams, while the less concentrated stream serves as an alternative water source.
Key technology for energy recovery from source-separated streams is anaerobic
treatment of black water or feces and kitchen refuse in an upflow anaerobic sludge
blanket (UASB) reactor [227, 91]. Nutrient recovery and pollutant removal from the
UASB reactor eﬄuent can be established by struvite precipitation, autotrophic ni-
trogen removal using oxygen limited anaerobic nitrification denitrification (OLAND)
reactor and a post-treatment, such as a trickling filter (TF), to remove remaining
organic material [227]. Due to operational conditions, such as a lower buffer capacity
of the OLAND reactor eﬄuent compared to the UASB reactor eﬄuent, the struvite
precipitation is preferred after the nitrogen removal [212].
Urine separation can be employed in two different approaches: in the source-
separation-based sanitation and coupled with the existing centralized sanitation.
Separation and direct reuse of urine on agricultural land can be used to increase
nutrient recovery, improve wastewater eﬄuent quality and to decrease operational
energy consumption, due to lower nutrient concentrations in wastewater [122]. How-
ever, collection and reuse of source-separated waste streams, urine in particular, also
involves social and cultural issues requiring attention when implementing new tech-
nology [101].
Commonly used treatment systems to remove organic material and nutrients from
grey water include sequencing batch reactor (SBR) [75] and constructed wetlands
(CW) [9]. Due to the considerably high land area requirement, the use of CW is not
suitable for densely populated areas, such as the Netherlands [23]. One option could
be, however, to implement CW as a green roof [9]. To utilize the organic material
present in grey water, excess sludge from the grey water treatment system can be
13
Prospects of source-separated sanitation concepts: A model-based study
potentially co-digested in the UASB reactor instead of using energy-intensive sludge
transport and disposal [74]. However, the possible inhibitory effect of surfactants
present in grey water sludge on anaerobic digestion should be investigated [60]. To
avoid extensive mineralization of grey water sludge, a bioflocculation unit, such as a
high loaded membrane bioreactor (MBR) or A-trap from the AB-process [16], can be
used to concentrate grey water at short hydraulic and sludge retention times (HRT
and SRT). A post-treatment system (such as TF) can be applied to remove the
remaining organic material from grey water eﬄuent prior to reuse.
Quantitative tools, such as Material Intensity per Service unit (MIPS), exergy
analysis and Life Cycle Assessment (LCA) have been used to draw energy and mate-
rial balances of different centralized and source-separation-based sanitation concepts
[140, 71, 11]. These studies present data on energy consumption and production, ma-
terial intensity, and emissions of source-separated feces, urine and grey water treat-
ment and centralized wastewater treatment with and without urine separation. For
more in depth insight into the urban water cycle, Makropoulos et al. [118] developed
an Excel/Matlab-based decision support tool for sustainable integrated urban water
management, including domestic wastewater streams and rain water. Extensive in-
formation was provided on different household components for water use and options
for water treatment and reuse, producing a complete water balance. A study on eco-
nomic viability and critical influencing factors of different implementation scales of
black water and grey water source-separation compared to the centralized sanitation
was conducted by Thibodeau et al. [186]. van Beuzekom et al. [198] conducted a
social cost-benefit analysis on different sanitation concepts in Geerpark Heusden, a
neighborhood in the Netherlands. This study compared centralized sanitation with
different levels of source-separation of wastewater and different scales for the treat-
ment of source-separated wastewater in terms of livability, safety, health, biodiversity
and affordability. No studies, however, have investigated the influence of urine sep-
aration combined with different grey water treatment configurations and grey water
sludge co-digestion on the energy and material balances of the sanitation concepts.
The objective of this study was to present energy and water balances, nutrient recov-
ery, chemical use, eﬄuent quality and land area requirement of the centralized and
source-separation-based sanitation concepts with and without urine separation, and
with different configurations of grey water treatment.
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2.2 Materials and Methods
2.2.1 Construction of the model
An Excel based model was developed based on literature data for the comparison
of 4 sanitation concepts: (1) centralized sanitation, (2) centralized sanitation with
source-separation of urine, (3) source-separation of black water, kitchen refuse and
grey water, and (4) source-separation of urine, feces, kitchen refuse and grey water
(Figure 2.1), from which concept 1 is applied on a full scale and concepts 2, 3 and
4 are demonstrated on a pilot or lab scale. These concepts were compared in terms
of energy consumption and production, water saving and reuse, nutrient recovery,
chemical use, eﬄuent quality and land area requirement. The energy and material
balances were based on collection, transport and treatment of wastewater leaving out
the energy and materials used in the construction and maintenance of the required
infrastructure. The model was tailored for European circumstances with a specific
focus on the Netherlands. However, with small modifications on data input the model
is applicable also in other circumstances.
The model was constructed from location specific data on environmental temper-
ature, tap water temperature and distances to a sewage sludge incineration plant
and agricultural land, general data on water consumption of different appliances and
wastewater characteristics, and treatment system specific data on operational condi-
tions, reactor performance, sludge production, energy consumption and energy pro-
duction. The energy and water balance, recovered nutrients, chemicals used, eﬄuent
quality and land area requirement for each treatment system was then calculated
using energy and mass balances based on the selected data.
2.2.2 Data inventory: Location specific data
Wastewater in concepts 1 and 2 were considered to be treated centralized (10 000 or
more people), and the urine collection (concepts 2 and 4) and the treatment of black
water or feces, kitchen refuse and grey water were considered to be community-on-
site (100–10 000 people). Average environmental temperature of 10◦C [89] and tap
water temperature of 12◦C [217] of the Netherlands were used. The distance from the
centralized wastewater treatment plant to the sewage sludge incineration plant was
set to 10 km [217] and the distance from the on-site collection to agricultural land
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Figure 2.1: Sanitation concepts included in the model with wastewater streams and cor-
responding treatment systems (AS = activated sludge process, SBR = sequencing batch
reactor, MBR = membrane bioreactor, A-trap = A-stage of AB-process, TF = trickling fil-
ter, UASB = upflow anaerobic sludge blanket reactor, OLAND = oxygen limited anaerobic
nitrification denitrification)
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was assumed to be 50 km, as a typical distance in the Netherlands. The influence of
the transport distance on feasibility of the sanitation concepts was further discussed
in the sensitivity analysis.
2.2.3 Data inventory: General data
The toilet type selected for concept 1 was a normal flush toilet, for concept 2 a urine
diverting toilet (gravity), for concept 3 a vacuum toilet and for concept 4 a urine
diverting toilet (gravity/vacuum). The water consumption of different toilets and
kitchen grinder is presented in Table 2.1.
Table 2.1: Water consumption of different toilets and kitchen grinder
Parameter Unit Water use
Normal flush toilet (concept 1) L/cap/d 341
Vacuum toilet (concept 3) L/cap/d 62∗
Urine diverting toilet (gravity) (concepts 2 and 4) L/cap/d 53∗
Urine diverting toilet (vacuum) (concept 4) L/cap/d 2∗∗
Kitchen grinder (concepts 1, 2, 3 and 4) L/cap/d 0.62
(1) [27]
(2) [92]
(3) [102] (0.2 L for urine and 4 L (assumed) for feces per flush)
*based on production of 1 time feces and 5 times urine per day
**based on 0.2 L for urine [102] and 1 L for feces per flush [92]
As a common practice in the centralized approach, the wastewater influent in con-
cepts 1 and 2 was considered to consist of domestic wastewater, rain water runoffs and
some industrial eﬄuents ending up with a daily flow of 300 L/cap [217]. For better
comparison between centralized and source-separation based sanitation concepts, the
pollutant loading in the wastewater influent was considered to originate only from
the domestic wastewater streams of urine, feces, kitchen refuse and grey water, and
sludge rejection water from sludge dewatering, forming a daily loading of 176 gCOD/
cap, 21 gTN/cap and 3.6 gTP/cap (concept 1), similar to the study of Wilsenach and
van Loosdrecht (2006) [217]. Although kitchen refuse was not included in the study
of Wilsenach and van Loosdrecht (2006) [217], the pollutant loading from kitchen
refuse was considered to replace the pollutant loading from industrial eﬄuents in this
study.
17
Prospects of source-separated sanitation concepts: A model-based study
Table 2.2 presents the characteristics of different domestic wastewater streams.
In every sanitation concept the pollutant loading in the wastewater influent was
calculated as a sum of the according sub-streams, and in concepts 3 and 4 the daily
flow was calculated as a sum of the pollutant loading and the water consumption of
the toilet and the kitchen grinder.
Table 2.2: Domestic wastewater characteristics
Parameter Unit Feces Urine Kitchen refuse Grey water
Temperature ◦C 37∗ 37∗ 20∗ 322
Volume L/cap/d 0.11 1.41 0.21 794
COD g/cap/d 501 111 591 521
BOD5 g/cap/d 24
1 5.51 37∗∗ 271
TSS g/cap/d 301 401 791 551
TN g/cap/d 1.81 91 1.71 1.21
NH4
+–N g/cap/d 1.23 95 - 0.1∗∗∗
TP g/cap/d 0.51 0.81 0.21 0.41
PO4
3−–P g/cap/d 0.23 0.33 - 0.1∗∗∗
K g/cap/d 0.91 2.81 0.21 0.81
(1) [92]
(2) [76]
(3) [42] (NH4
+–N/TN ratio of 0.7)
(4) [27]
(5) [217] (TN=NH4
+–N in urine)
* based on body temperature (feces and urine) and average room temperature
** based on COD/BOD ratio of 1.6 [181]
*** based on NH4
+–N/TN ratio of 0.1 and PO4
3−–P/TP ratio of 0.35 [76]
2.2.4 Data inventory: Treatment system specific data
The wastewater treatment system in concept 1 was based on an activated sludge
process (AS process) with biological phosphate and nitrogen removal, and in concept
2 on an A-trap (A-stage of AB-process [16]) with a post-nitrification/denitrification
step according to the study of Wilsenach and van Loosdrecht (2006) [217]. As the
wastewater in concept 2 was without the input of urine, a high loaded process with
a short SRT and a post-treatment step was assumed to be sufficient for pollutant
removal. Urine in concepts 2 and 4 was considered to be collected on-site with a
collection degree of 75% [101], first stored for 6 months on-site and then transported to
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agricultural land to be used as a fertilizer by spreading. As a result of the breakdown
of urea during storage, the high ammonium content and the increased pH ensures the
hygienization of urine [207], and is recommended by the World Health Organization
(WHO) for safe use of urine in agriculture [215]. The risk of ammonia emissions
is prevented by using non-ventilated storage and handling. The treatment systems
applied for black water or feces, kitchen refuse and grey water in concepts 3 and 4 are
presented in Figure 2.1. Table 2.3 presents the pollutant removal efficiencies of the
different treatment systems. The removal efficiencies in the AS process in concept 1
were according to existing wastewater treatment plants in the Netherlands.
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Materials and Methods
Incineration was selected for excess sludge treatment in concepts 1 and 2, as it
is the most common practice in the Netherlands [58]. Complete sludge treatment
consisted of anaerobic digestion to produce methane, sludge dewatering, transport of
dewatered sludge to an incineration plant and sludge incineration. Sludge rejection
water from sludge dewatering was recycled back to the influent. Excess sludge from
the UASB reactor and the SBR (concepts 3 and 4) was considered to be transported
to agricultural land for spreading without dewatering.
2.2.5 Calculations for energy balance
The total primary energy consumption in the sanitation concepts was calculated
according to Eq. 2.1
Etotal = Ecollection + Etreatment + Eurine/sludge transport − Emethane (2.1)
where Ecollection was the energy requirement for the collection and transport of waste-
water, Etreatment was the energy requirement for all the biological, chemical and phys-
ical treatment units for mixed wastewater stream, excess sludge and source-separated
urine, black water/feces, kitchen refuse and grey water, Eurine/sludge transport was the
energy requirement for urine and excess sludge transport, and Emethane was the en-
ergy production as methane. All the energy parameters were calculated as primary
energy by converting the electrical energy (collection, aeration, mixing and pumping)
using efficiency of 0.31 based on the European electricity mix [190].
Ecollection was the energy requirement for the gravity sewers with lifting stations
(20 kWh/cap/y) [199] in concepts 1 and 2, for the vacuum collection and transport
of black water and kitchen refuse (25 kWh/cap/y) [227] in concept 3, and for the vac-
uum collection and transport of feces and kitchen refuse (8 kWh/cap/y) in concept
4 (assumed to be 13 of the energy requirement for the black water vacuum collection
according to the water consumption ratio of 26 L). Urine separation in concept 2 was
assumed not to have a significant effect on the total wastewater flow and thus, on the
energy requirement for the collection. Due to short wastewater transport distances
in semi-centralized sanitation, the energy requirement for the gravity urine divert-
ing toilet was assumed to be insignificant. The collection also included the energy
consumption for the kitchen grinder (5 kWh/cap/y) [227] in all of the sanitation
concepts.
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In concepts 1 and 2 Etreatment consisted of the following energy parameters. Eaeration
was the aeration energy required to oxidize organic matter and nitrogen in the AS
process, A-trap and post-nitrification step, and was calculated based on an energy
requirement of 2.2 MJ/kgCODconverted and 14 MJ/kgNconverted [122]. The aeration
energy was calculated based on the fraction of oxidized COD of the total COD re-
moved (43% in concept 1 and 22% in concept 2), and the fraction of nitrified N of
the total N removed (94% in concept 1 and 76% in concept 2) [217]. Emixing was the
energy requirement for mixing of the biological reactors and the anaerobic digester,
and Epumping was the energy requirement for pumping of the internal flows, return
activated sludge and excess sludge to the anaerobic digester [217]. In concept 1 addi-
tional mixing energy of 5 MJ/kgPremoved originated from the biological phosphorus
removal [122]. Eheating(digester) was the energy required to heat up the influent (ex-
cess sludge) to the operational temperature of the digester and to compensate heat
loss through the digester walls. The primary energy required to heat up the influent
was calculated according to Eq. 2.2
∆Q = m ∗ C ∗∆T (2.2)
where ∆Q is the required energy (J), m is the mass of liquid (g), C is the specific
heat capacity of water (4.2 J/g◦C) and ∆T is the temperature difference between
the influent temperature and the operational temperature of the reactor. The in-
fluent temperature of the digester (concept 1 and 2) was considered to be the tap
water temperature (12◦C). The primary energy required to compensate heat loss was
calculated according to Fourier’s law presented in Eq. 2.3
Eheat = Φ = −λ ∗A ∗ dT
dx
(2.3)
where Φ is the heat transfer (W), λ is the thermal conductivity of the isolation mate-
rial (W/m*k), A is the heat transfer area, dT is the temperature difference across the
isolation material (K) and dx is the thickness of the isolation material (m). Mineral
wool with thermal conductivity of 0.04 W/m*k and thickness of 0.05 m was consid-
ered to be used as isolation material [91]. The area of heat transfer was considered to
be the surface area of the reactor (calculated from the volume and dimensions of the
reactor presented under the sub chapter Calculations for reactor dimensions and land
area requirement) and the temperature difference was considered to be the difference
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between the environmental temperature (10◦C) and the operational temperature of
the reactor (35◦C). Edewatering and Eincineration were the primary energy require-
ments for dewatering of the digested sludge and for incinerating the dewatered sludge
according to the study of Wilsenach and van Loosdrecht (2006) [217], from which they
were recalculated to primary energy using efficiency of 0.31. The heat production in
the incineration of sludge was taken into account in the energy requirement.
Esludge transport was the energy requirement for transporting of dewatered sludge
to the incineration plant and was calculated based on a primary energy requirement
of 4.8 MJ/ton/km (including empty return trip) [217]. Eurine transport was the energy
requirement for transporting of urine from the on-site collection to agricultural land,
and was calculated based on the energy requirement of transporting described above.
Emethane was the energy produced as methane in the digestion of excess sludge
and was calculated by taking into account the different excess sludge compositions in
concepts 1 and 2, originating from the different SRTs (12 d and 0.8 d, respectively).
As presented in the study of Wilsenach and van Loosdrecht (2006) [217], excess
sludge from the A-trap was considered to consist of 25% adsorbed substrate and
75% biomass. The methanization level of the adsorbed substrate was assumed to be
73% [52]. No adsorbed substrate was considered in concept 1 due to the high SRT.
The fraction of biodegradable biomass in concept 1 was assumed to be 45% and in
concept 2 65%, and the methanization level of this fraction was considered to be
90% [217]. The volume of the produced methane was calculated using a theoretical
methane production of 0.35 L/gCODconverted and the primary energy production
from methane was calculated using the volume of methane and the calorific value of
methane (35.8 MJ/m3) [181].
The sludge production in the AS process (concept 1) and the A-trap (concept 2)
was calculated according to Tchobanoglous et al. (2004) [181] (Eq. 2.4)
P = Y ∗Q ∗ (S0 − S) (2.4)
where P is the sludge production (kgVSS/d), Y is the sludge yield
(kgVSS/kgBODremoved), Q is the influent flow (m
3/d), S0 is the influent BOD con-
centration (mg/L) and S is the eﬄuent BOD concentration (mg/L). Sludge yield of
0.58 kgVSS/kgBODremoved was used for the AS process (SRT 12d) and 0.85 kgVSS/
kgBODremoved for the A-trap (SRT 0.8d) at 12
◦C. The sludge production as total
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solids was calculated using a VSS/TSS ratio of 0.85 [181]. The total wet sludge pro-
duction was calculated using a dry solid content of 2.5% and the total dry sludge
production (after dewatering) was calculated using a dry solid content of 20% [217].
In concept 1 additional sludge production of 3.3 kgTSS/kgPremoved was assumed to
originate from the biological phosphorus removal [122].
The composition of the sludge rejection water (COD, TN and TP) was defined
as the difference between the digester influent (excess sludge from the AS process
and A-trap) and the COD converted into methane and nitrogen and phosphorus
incorporated into the anaerobic biomass. The amount of biomass produced in the
digester was calculated using a biomass yield of 0.08 gVSS/gCODconverted, and the
amount of nitrogen and phosphorus incorporated into the biomass was calculated
using fractions of 0.12 gN/gVSS and 0.03 gP/gVSS, respectively [181]. All of the
nitrogen and phosphorus in the sludge rejection water was considered to be in the
inorganic form of NH4
+ and PO4
3−.
In concepts 3 and 4 Etreatment consisted of the following energy parameters.
Eheating(UASB) was the energy required to heat up the influent to the operational
temperature of the reactor and to compensate heat loss through the reactor walls,
calculated as described above with the digester in concepts 1 and 2. The influ-
ent temperature of the UASB reactor was calculated from the mass proportions of
the according wastewater sub-streams (Table 2.2). In the case of grey water sludge
co-digestion in the UASB reactor, the influent temperature was adjusted with the
temperature of grey water sludge that was assumed to be the environmental temper-
ature (10◦C). No heating energy for other treatment steps were taken into account.
EOLAND was the energy requirement for the OLAND reactor and was derived from
the rotating power requirement of the rotating biological contactor according to Fujie
et al. (1983) [59] (Eq. 2.5).
P (w) = λ1 ∗N2 ∗D2 ∗A (2.5)
where A is the surface area of discs (m2), λ1 is the frictional constant (8.6*10
−6
kWmin2/min4), N is the rotational speed of a disc (min−1) and D is the disc diameter
(m). The surface area of the discs was calculated from the total nitrogen load and
the biofilm load (6300 mgN/m2/d [126]). The disc rotational speed of 3 min−1 [212]
and the disc diameter of 1 m [59] were selected. EStruvite was the energy requirement
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for the struvite precipitation and was calculated based on an electricity consumption
of 3.8 kWh/kgNinfluent [126]. ETF was the energy requirement for the trickling filter
as a post-treatment step in both black water and grey water treatment lines and
was calculated based on an average electricity consumption of 3 kW/1000 m3influent
[181]. EMBR was the energy requirement for the MBR and was calculated based
on an average electricity consumption of 0.3 kWh/m3greywater [125]. The electricity
consumption for the OLAND reactor, struvite precipitator, TF and the MBR was
converted to primary energy using efficiency of 0.31 [190]. ESBR and EA−trap were the
energy requirements for grey water treatment in the SBR and the A-trap, respectively,
consisting of energy consumption for pumping and aeration. Energy consumption for
pumping was calculated with Eq. 2.6 according to Karassik et al. (2001) [86]
Epump(kW ) =
Q(m3/d) ∗H(m) ∗ specific gravity of fluid
367.7 ∗ η (2.6)
where Q is the flow rate, H is the pump head and η is the pump efficiency. For the
SBR the pump head was considered to be the height of wastewater in the reactor.
For the A-trap the pump head was considered to be the height of the buffer tank
for influent pump and the height of the aerated grit chamber and settling tank for
the two intermediate pumps (calculations for pump head are presented in the sub
chapter Calculations for reactor dimensions and land area requirement). The specific
gravity of fluid was considered to be 1 and η was set to 0.68 according to the study
of Wilsenach and van Loosdrecht (2006) [217]. The total energy consumption for
pumping in the SBR was calculated from the energy consumption for two pumps:
influent and eﬄuent pump, feeding and discharge time of 15 min each and a total cycle
time of 360 min [75]. The total energy consumption for pumping in the A-trap was
calculated by assuming the pumping to be continuous. The energy requirement for
pumping of the UASB influent was calculated to be insignificant and was not included
in the energy balance. The energy consumption for aeration in the SBR and the A-
trap was calculated according to the energy requirement of 2.2 MJ/kgCODconverted
[122]. The amount of oxidized COD in the SBR was calculated by defining the total
amount of biodegradable COD removed in the reactor using a CODbiodegradable/BOD5
ratio of 1.6 g/g [181] and excluding the amount of COD removed in the sludge using
a sludge yield of 0.12 kgVSS/kgCOD [75] and a COD/VSS ratio of 1.4. The amount
of oxidized COD in the A-trap was assumed to be 11% of the incoming COD [45].
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Nitrogen removal in the SBR and A-trap was assumed to take place only through the
excess sludge removal.
Esludge transport and Eurine transport were the energy requirements for transporting
of excess sludge from the UASB reactor and the SBR, and urine, respectively, from
the on-site collection to agricultural land, and was calculated based on the primary
energy requirement of 4.8 MJ/ton/km (including empty return trip) [217].
Emethane was the energy produced as methane in the UASB reactor. The vol-
ume of produced methane was calculated from the COD load of the reactor, the
methanization level of the influent and the theoretical methane production of 0.35
L/gCODconverted. The methanization level of the influent was calculated as a mass
proportion of the methanization levels of the sub-streams (70% for black water with
kitchen refuse, 78% for feces with kitchen refuse [91] and 88% for grey water sludge
[74]). The primary energy production from methane was calculated using the volume
of methane and the calorific value of methane (35.8 MJ/m3) [181].
The sludge production in the UASB reactor was calculated according to Zeeman
and Lettinga (1999) [226] (Eq. 2.7)
Xp = O ∗ SS ∗R ∗ (1−H) (2.7)
where Xp is the sludge production (kgCOD/m
3/d), O is the organic loading rate (2.98
kgCOD/m3/d [94]), SS is the fraction of suspended solids in the influent (CODss/
CODtotal) (0.76 with a mixture of black water and kitchen refuse, and 0.88 with a
mixture of feces and kitchen refuse [91]), R is the fraction of CODss removed (0.96 [94])
and H is the level of hydrolysis of the removed solids (0.7 [91]). The total wet sludge
production was calculated using the volume of the UASB reactor (calculations for the
reactor volume is presented in the sub chapter Calculations for reactor dimensions
and land area requirement) and the sludge concentration (34 gCOD/L [42]). The
sludge production in the SBR was calculated using a sludge yield of 0.12 kgVSS/
kgCODremoved and a sludge concentration of 5.5 gVSS/L [75]. The sludge production
in the A-trap was calculated using a sludge yield of 0.73 kgVSS/kgCODremoved and
a sludge concentration of 6.3 gVSS/L [45]. The sludge production in the MBR was
calculated from the flow mass balance of the system using a SRT of 1 d and HRT of
1.9 h [74].
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2.2.6 Calculations for chemical use
In concepts 1 and 2 polymers were used for sludge dewatering and calcium oxide
(CaO) was used for flu gas treatment after sludge incineration. The dose of CaO was
30 kg/tonDM and the dose of polymers was 7.1 kg/tonDM [78]. Methanol (CH3OH)
was consumed 1.48 kg/cap/year in the post-denitrification step in concept 2 [217].
In concepts 3 and 4 sodium hydroxide (NaOH) and magnesium chloride (MgCl2)
were used in struvite precipitation to increase the pH and the supersaturation state.
Consumption of NaOH was calculated using Eq. 2.8
mNaOH = MNaOH ∗ 10−14(10pHb − 10pHa) (2.8)
where mNaOH is the mass of NaOH (g/L), M is the molecular mass (g/mol), pHa is
the influent pH of 7.7 [94] and pHb is the operational pH of 9 [43]. Consumption of
33% NaOH was further determined from the mass of NaOH. Consumption of MgCl2
was calculated from the influent phosphate concentration using a Mg/PO4–P ratio
of 1.5 [43].
2.2.7 Calculations for reactor dimensions and land area
requirement
Total land area requirement for concepts 1 and 2 consisted of the volume of the
biological reactors, secondary settling tank, digester, biogas storage tank and the
urine storage tank (concept 2). The land use of the incineration process was not
taken into account due to lack of data. Total land area requirement for concepts 3
and 4 consisted of the volume of the buffer tank (for UASB, SBR, A-trap and MBR),
reactors (UASB, OLAND, Struvite, black water TF, SBR/A-trap/MBR and grey
water TF), biogas storage tank and the urine storage tank (concept 4).
The volume of the biological reactors and secondary settling tank were according
to Wilsenach and van Loosdrecht (2006) [217] and the volume of the buffer tanks,
urine storage tank and reactors (Digester/UASB, Struvite, MBR and A-trap) were
determined using the influent flow rate and the storage time or the HRT. The volume
of the A-trap consisted of three parts: aerated grit chamber, A-trap reactor and
settling tank. The storage time was 1 d for the UASB buffer tank (assumed), 0.3 d
for the SBR, A-trap and MBR buffer tanks (assumed) and 6 months for the urine
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collection tank [122]. The HRT was 15 d for the digester [217], 0.08 d for the struvite
reactor [43], 1.9 h for the MBR [74], 4 min and 54 min for the aerated grit chamber
and settling tank, respectively [49], and 1.9 h for the A-trap reactor [45]. The HRT
of the UASB reactor was calculated according to Zeeman and Lettinga (1999) [226]
(Eq. 2.9)
HRT = C ∗ SS
X
∗R ∗ (1−H) ∗ SRT (2.9)
where C is the influent CODtotal concentration (gCOD/L), X is the sludge con-
centration in the reactor (34 gCOD/L [42]), SS is the fraction of suspended solids
in the influent (CODss/CODtotal) (0.76 with a mixture of black water and kitchen
refuse, and 0.88 with a mixture of feces and kitchen refuse [91]), R is the fraction
of CODss removed (0.96 [94]), H is the level of hydrolysis of the removed solids (0.7
[91]), and SRT is the sludge retention time (d) calculated from the sludge production
(kgCOD/m3/d) and the sludge concentration in the reactor.
The volume of the biogas storage tank was calculated using the volume of produced
methane, the fraction of methane in biogas (65% [181]) and storage time of 1 d [91].
The volume of the SBR was calculated using the volume of wastewater per cycle (360
min) and a volumewastewater/volumetotal ratio of 0.3 m
3/m3 [181]. The volume of a
single-stage TF was determined according to Tchobanoglous et al. (2004) [181] (Eq.
2.10),
V =
W
( 100e∗(1+0.4432) )
2
(2.10)
where W is the BOD5 loading and e is the BOD5 removal efficiency. The depth of
the filter was set to 2.1 m as the average depth in standard rate filters.
The volume of the OLAND reactor was determined from the length, width and
height of the reactor. The length of the reactor was determined by the length of
the shaft and the width and height by the disc diameter. To calculate the length
of the shaft, the total number of discs was defined from the total surface area of
discs and the disc diameter (determined previously with the energy requirement of
OLAND). The length of the shaft was calculated using a disc thickness of 0.5 cm and
a disc interspace of 1 cm [212]. The length, width and height of the reactor was then
determined using the length of the shaft and the disc diameter, respectively, with
15% of the disc diameter as extra space.
Height of the buffer tanks, digester, UASB reactor and SBR was calculated using
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Eq. 2.11 that was derived from the equation for cylinder volume using f as a height/
diameter ratio.
H =
3
√
4 ∗ Vcylinder ∗ f2
pi
, f =
H
d
(2.11)
where Vcylinder is the volume of the reactor and f is the height/diameter ratio that
was assumed to be 3 with the exception of the SBR with ratio of 1. The diameter
was calculated using an assumed maximum height of 5 m as a boundary condition.
Height of the aerated grit chamber and settling tank of A-trap was calculated using
Eq. 2.12 that was derived from the sum of cube volume and pyramid volume using f
as heightpyramid/heightvessel ratio.
H =
Vvessel
A ∗ (1− 23 ∗ f)
, f =
Hpyramid
Hvessel
(2.12)
Vvessel is the volume of aerated grit chamber and settling tank, A is the surface area
and f is the heightpyramid/heightvessel ratio of 0.1 for the aerated grit chamber and
0.5 for the settling tank. The surface area of the aerated grit chamber was calculated
using a maximum surface loading of 30 m3/m2h and the surface area of the settling
tank was calculated using a maximum surface loading of 1.5 m3/m2h [49]. Height of
the A-trap reactor was considered to be the difference between height of the vessel
and height of the pyramid.
2.3 Results and Discussion
2.3.1 Energy balance
Figure 2.2 presents the total primary energy consumption in the sanitation concepts.
The highest primary energy consumption of 914 MJ/cap/year is attained in the cen-
tralized sanitation concept (concept 1), and by applying urine separation within the
centralized concept, the primary energy consumption is decreased to 687 MJ/cap/
year, creating a yearly energy saving of 227 MJ/cap. The lowest primary energy
consumption of 437 MJ/cap/year is attained in the source-separation of urine, feces,
kitchen refuse and grey water (concept 4 vacuum) using the A-trap for grey water
treatment. Urine separation in the source-separation based sanitation concept creates
a yearly energy saving of 200 MJ/cap using the SBR, 180 MJ/cap using the A-trap
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Figure 2.2: Total primary energy consumption in sanitation concepts with different grey
water treatment configurations
and 203 MJ/cap using the MBR in concept 4 with gravity separation, and 212 MJ/
cap using the SBR, 187 MJ/cap using the A-trap and 200 MJ/cap using the MBR
in concept 4 with vacuum separation. Bioflocculation of grey water in the A-trap
and subsequent grey water sludge co-digestion in the UASB reactor creates a yearly
energy saving of 143 MJ/cap in concept 3, 123 MJ/cap in concept 4 (gravity) and 118
MJ/cap in concept 4 (vacuum) compared to the use of the SBR for grey water treat-
ment. The high primary energy consumption of concept 1 originates mainly from the
high energy input to mineralize organic matter in the AS process and the resulting
low energy recovery as methane. The low primary energy consumption of concept
4 originates from the low water consumption of the urine diverting toilets, resulting
in low energy demand of collection and treatment of feces and kitchen refuse. In
addition, by grey water sludge co-digestion in the UASB reactor, high energy con-
sumption for sludge transport can be avoided while simultaneously increasing energy
recovery as methane.
The energy parameters together with the sludge production and urine collection
for concepts 1 and 2 are presented in Table 2.4. The most prominent parameters in
the energy balance in concepts 1 and 2 are energy consumption for the collection of
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wastewater and aeration of the biological reactors. The collection contributes 27% in
concept 1 and 30% in concept 2 to the total primary energy consumption, and the
aeration contributes 40% in concept 1 and 23% in concept 2. Furthermore, transport-
ing of urine in concept 2 contributes 18% to the total primary energy consumption.
Due to the shorter SRT in the A-trap (0.8 d) compared to the AS process (12 d),
the energy consumption for aeration is significantly lower in concept 2 compared to
concept 1. However, short SRT increases the excess sludge production leading to an
increase in the energy requirement for heating of the digester. Nevertheless, the higher
excess sludge production together with the low mineralization of organic matter cre-
ates almost twice as high methane production in concept 2 compared to concept 1.
Compared to the study of Wilsenach and van Loosdrecht (2006) [217], both concepts
have higher total primary energy consumption mainly due to the energy consumption
for the collection that is included in this study and the higher energy consumption
for the transporting of collected urine compared to the treatment of urine and sludge
rejection water in struvite precipitation and SHARON processes, used in the study of
Wilsenach and van Loosdrecht (2006) [217]. However, direct reuse of urine provides
a clean route for nutrient recovery, while the mixing of sludge rejection water with
urine might deteriorate the quality of the produced struvite with heavy metals from
sewage.
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Table 2.4: Sludge production, urine collection and energy consumption and production
(methane) in concepts 1 and 2 (primary energy presented as bolded figures)
Parameter Unit Concept 1 Concept 2
Urine collection kg/cap/y - 743
Sludge production kgWS/cap/y 1048 1201
kgDS/cap/y 131 150
Ecollection kWh/cap/y 25 25
MJ/cap/y 288 288
Eaeration MJ/cap/y 135 68
MJ/cap/y 432 218
Emixing MJ/cap/y 37 17
MJ/cap/y 118 54
Epumping MJ/cap/y 20 15
MJ/cap/y 64 48
Eheating(digester) MJ/cap/y 104 114
Edewatering MJ/cap/y 5 5
Esludge transport MJ/cap/y 6 7
Eincineration MJ/cap/y 54 52
Eurine transport MJ/cap/y - 178
Emethane MJ/cap/y 157 277
Etotal MJ/cap/y 914 687
WS=Wet Sludge
DS=Dry Sludge
The energy parameters together with the sludge production, urine collection and
UASB influent characteristics for concepts 3 and 4 are presented in Table 2.5 and 2.6.
The most prominent parameters in the energy balance in concepts 3 and 4 are en-
ergy consumption for the vacuum collection and transport of black water and kitchen
refuse, and heating of the UASB reactor. The vacuum collection and transport con-
tributes 27–35% in concept 3 and 15–20% in concept 4 (vacuum) to the total primary
energy consumption, and heating of the UASB reactor contributes 33–46% in concept
3, 36–53% in concept 4 (gravity) and 24–43% in concept 4 (vacuum). Furthermore,
transporting of collected urine in concept 4 contributes 17–23% to the total primary
energy consumption.
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Urine separation in the source-separation based sanitation concept (concept 4)
has the potential to decrease the total energy consumption due to a lower energy
demand of the feces collection and the post-treatment of UASB reactor eﬄuent in
the OLAND reactor, struvite precipitator and TF compared to concept 3. In addition,
separation of urine from feces and kitchen refuse and the low water consumption of
the urine diverting toilets decreases the UASB reactor influent volume and thus the
energy used for heating of the reactor. However, urine separation has an extra energy
consumption for transporting of collected urine. Although vacuum collection of feces
and kitchen refuse increases the energy demand of collection compared to gravity
collection, vacuum separation of urine presents the energetically most favorable option
due to the smallest UASB reactor influent volume.
Significant fraction of the energy consumption for the SBR originates from the high
aeration demand at the long SRT (15 d [75]). By decreasing the SRT to 0.6 d using the
A-trap [45] or to 1 d using the MBR [74]), the energy consumption for the grey water
treatment system can be decreased. The energy consumption for the MBR, however,
is four times higher than for the A-trap due to the higher energy requirement of
membrane technology. When grey water sludge is co-digested in the UASB reactor,
the total energy consumption can be decreased as no transporting of grey water
sludge is required. Furthermore, methane production in the UASB reactor can be
increased due to the higher loading of the reactor and the higher methanization level
of grey water sludge compared to black water, feces and kitchen refuse. However, co-
digestion of grey water sludge increases the heating energy required for the reactor as
a result of a higher influent volume and a lower influent temperature, originating from
the lower grey water sludge temperature that was assumed to be the environmental
temperature. Consequently, bioflocculation of grey water in the MBR and subsequent
grey water sludge co-digestion in the UASB reactor is not energetically favorable
compared to grey water treatment in the SBR, due to the high sludge production in
the MBR, and the resulting high heating energy requirement for the UASB reactor.
However, to decrease the volume of the MBR sludge, a settler can be implemented
to increase the concentration of the sludge.
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2.3.2 Water reuse
Table 2.7 presents the calculated eﬄuent quality of the different grey water treatment
systems and the standards for non-potable grey water reuse suggested by Li et al.
(2009) [108]. The reuse standards were divided into recreational impoundments, such
as ornamental fountains and lakes, and urban reuse, such as toilet flushing, laundry
and irrigation. Unrestricted reuse is considered in close contact with people and re-
stricted reuse in areas without public access. Due to high nutrient concentrations
in the eﬄuent, none of the treatment systems fulfilled the reuse standards for recre-
ational impoundments. The SBR and the MBR with TF as a post-treatment step
fulfilled the standards for urban reuse, but only the eﬄuent from the SBR-TF was
according to the unrestricted reuse. The better eﬄuent quality from the SBR-TF
in terms of BOD5 can be explained by the longer SRT and thus, more extensive
degradation of organic material. However, membrane technology has the potential to
produce grey water eﬄuent free of solids and therefore benefit the use of advanced
post-treatment systems such as UV and ozonation for removing micro-pollutants and
pathogens. Nevertheless, the costs of advanced post-treatment systems have to be
related to the actual need for high quality water rather than striving to fulfill the
most stringent standards.
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2.3.3 Nutrient recovery
Nutrients such as nitrogen, phosphorus and potassium can be recovered using urine
separation in the centralized concept and in the source-separation based sanitation
concepts. Nutrients were considered to be recovered through urine spreading on
agricultural land in concepts 2 and 4, and thus, all the nutrients present in the
collected urine (collection degree of 75%) were considered to be recovered. Struvite
(MgNH4PO4*6H2O) precipitation is used to recover nutrients from the eﬄuent of
the OLAND reactor in concepts 3 and 4. Struvite is produced 2.13 kg/cap/year from
which 0.27 kg is phosphorus and 0.12 kg is nitrogen in concept 3, and 1.0 kg/cap/year
from which 0.13 kg is phosphorus and 0.06 kg is nitrogen in concept 4. In concepts
3 and 4 nutrients were also considered to be recovered from the excess sludge of the
UASB reactor and the SBR through sludge reuse on agricultural land. Nitrogen and
phosphorus removed in the UASB reactor and the SBR were considered to be trapped
in the sludge and this way to be recovered. Figure 2.3 presents the nutrients recovered
in concepts 2, 3 and 4 with different grey water treatment configurations. As most of
the nutrients are present in urine, source-separation and direct reuse of urine brings
forth a major contribution to the total nutrient recovery. The choice between the
different grey water treatment configurations (SBR/A-trap/MBR) has only a slight
effect on the total amount of nutrients recovered. The maximum nutrient recovery
can be achieved with concept 4, where nutrient recovery from sludge increases the
recovery of nitrogen and phosphorus compared to concept 2.
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Figure 2.3: Nutrient recovery in concepts 2, 3 and 4 with different grey water treatment
configurations
Compared to artificial fertilizers, direct reuse of urine in agriculture, as suggested
here, has an advantage of acting as a multicomponent fertilizer. However, direct
reuse of urine also has disadvantages, such as transporting of urine to agricultural
land and the possible adverse effect of high salt content of urine on soil, especially
in low rainfall areas. Several technologies have been presented to overcome these
issues by indirectly recovering the resources from urine. Nutrients can be recovered
from urine by struvite precipitation [101][122] or using algae for nutrient up-take from
urine and subsequent reuse of algae biomass [2]. In the study of Kuntke et al. (2012)
[96] a microbial fuel cell was used to simultaneously produce energy (3.46 kJ/gN)
and recover ammonium (3.29 gN/d/m2) from urine. By replacing the urine transport
with a microbial fuel cell, the total primary energy consumption can be decreased by
19% in concept 2 and 17–23% in concept 4, indicating a promising new direction for
urine treatment.
According to the current Dutch guidelines for sewage sludge reuse in agriculture
(BOOM), reuse of black water sludge is prohibited due to elevated concentrations of
copper and zinc [41]. However, as black water is predominantly human originated
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(urine, feces and tap water), the applicability of sewage sludge reuse guidelines on the
reuse of black water sludge can be argued. Furthermore, the amount of heavy metals
related to the phosphorus content of sludge is significantly higher in cow manure [202]
and in artificial phosphorus fertilizers in the case of cadmium, chromium and nickel
[149]. The heavy metal content of grey water sludge and the effect of grey water
sludge co-digestion on the excess sludge quality of UASB reactor needs to be further
investigated to decide whether or not to mix these streams.
2.3.4 Energy balance including water saving and reuse and
nutrient recovery
Compared to the normal flush toilet in concept 1, the use of a urine diverting toilet or
a vacuum toilet saves water of a drinking quality. The vacuum toilet saves 28 L/cap/
day, the urine diverting toilet (gravity) saves 29 L/cap/day and the urine diverting
toilet (vacuum) saves 32 L/cap/day. Considering a primary energy consumption
of 5.4 MJ/m3 for drinking water production and distribution [58] (using efficiency of
0.31 [190]), 57 MJ/cap/year can be indirectly gained in concepts 2 and 4 (gravity), 55
MJ/cap/year in concept 3 and 63 MJ/cap/year in concept 4 (vacuum). Furthermore,
by reusing grey water eﬄuent for toilet flushing, laundry and irrigation, drinking
water can be saved and energy can be indirectly gained in concepts 3 and 4. By
assuming full reuse of grey water eﬄuent (29 m3/cap/year), energy can be indirectly
gained 157 MJ/cap/year by using either the SBR-TF for unrestricted or the MBR-TF
for restricted urban reuse. As the water use for toilet flushing and laundry is only
8 m3/cap/year [27], 73% of the SBR-TF eﬄuent is left for irrigation. Grey water
eﬄuent from the MBR-TF can only be used for urban reuse applications without
public access, such as irrigation of restricted areas.
Through the recovery of nutrients, energy can be indirectly gained in the production
of artificial fertilizers. Considering a primary energy requirement of 45 MJ/kgN, 29
MJ/kgP and 11 MJ/kgK for fertilizer production [122], energy can be indirectly
gained 129 MJ/cap/year in concept (2), in concept (3) 33 MJ/cap/year with SBR,
25 MJ/cap/year with A-trap, 29 MJ/cap/year with MBR, in concept (4) 145 MJ/
cap/year with SBR, 137 MJ/cap/year with A-trap and 141 MJ/cap/year with MBR.
Figure 2.4 presents the total primary energy consumption with and without the
indirect energy gain from water saving and reuse, and nutrient recovery. The most
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prominent energy gain can be achieved with the recovery of nutrients through urine
separation (concepts 2 and 4) and the reuse of grey water eﬄuent using either the
SBR or the MBR (concepts 3 and 4). Due to the significant energy gain from the
grey water eﬄuent reuse, grey water treatment in the SBR becomes energetically
more favorable than bioflocculation of grey water in the A-trap and subsequent grey
water sludge co-digestion in the UASB reactor. Beside water and nutrient recovery,
there is an increasing interest to recover the heat content of wastewater [205]. Heat
recovery on-site from source-separated grey water using a heat exchanger would be an
energy efficient option to preheat the incoming tap water as no electricity is needed.
Figure 2.4: Total primary energy consumption in sanitation concepts with and without
indirect energy gain from water saving and reuse, and nutrient recovery
When the indirect energy gain is taken into account, urine separation applied in
the centralized sanitation creates even higher yearly energy saving of 413 MJ/cap
compared to concept 1. The lowest energy consumption in concept 3 (522 MJ/cap/
year) and concept 4 (208 MJ/cap/year (gravity) and 190 MJ/cap/year (vacuum)) is
attained when the SBR is used. By applying urine separation in the source-separation
based sanitation, 294–331 MJ/cap/year can be saved with indirect energy gain.
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2.3.5 Chemical use
Figure 2.5 presents the chemical use in concepts 1, 2, 3 and 4 with different grey
water treatment configurations. The chemical use in concepts 1 and 2 is considerably
higher than in concepts 3 and 4 due to the high sludge production in aerobic processes
and the resulting consumption of polymers for sludge dewatering and CaO for flu gas
treatment after sludge incineration. As the sludge production in concept 2 is higher
than in concept 1 (due to the shorter SRT in the aerobic process), the chemical use
is accordingly higher. Furthermore, additional chemical use in concept 2 originates
from the consumption of methanol in the post-denitrification step. As the amount
of NaOH is calculated to be negligible, the only chemical taken into account in the
struvite precipitation in concepts 3 and 4 is MgCl2. The use of MgCl2 is the highest in
concept 3, due to the highest phosphate concentration in the OLAND reactor eﬄuent.
Grey water treatment in the MBR and the subsequent grey water sludge co-digestion
in the UASB reactor slightly increases the MgCl2 consumption due to the increased
phosphate loading. The use of either gravity or vacuum urine diverting toilet does
not influence the chemical use in concept 4. Contrary to the centralized concept,
urine separation in the source-separation based concept decreases the chemical use.
Figure 2.5: Chemical use in concepts 1, 2, 3 and 4 with different grey water treatment
configurations
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2.3.6 Eﬄuent quality
Within the European Union the discharge of wastewater eﬄuent is controlled by the
pollutant removal efficiencies of the treatment systems and the final eﬄuent concen-
trations per connected person according to the EU Water Framework Directive 91/
271/EEC [56]. Table 2.8 presents the calculated eﬄuent quality of the different san-
itation concepts and the discharge standards. In concepts 3 and 4 only the eﬄuent
discharge of the source-separated concentrated stream is taken into account, leaving
out the grey water eﬄuent that is considered to be reused. For simplicity, the eﬄuent
quality presented in concepts 3 and 4 is the average of the different grey water treat-
ment configurations (without co-digestion using the SBR or with co-digestion using
the A-trap/MBR). The pollutant concentrations in the eﬄuent of the concentrated
stream are higher and the pollutant loadings are lower without grey water sludge co-
digestion, due to the lower UASB reactor influent volume compared to co-digestion.
Table 2.8: Calculated eﬄuent quality in sanitation concepts and discharge standards
Parameter Unit C1 C2 C3 C4 Discharge
standards [56]
COD mg/L 46 44 155 187 125
BOD5 mg/L 6 24 83 100 25
TSS mg/L 34 47 393 385 35
TN mg/L 9 6 350 70 15
TP mg/L 4 1 27 17 2
COD g/cap/y 5037 4802 599 551 -
BOD5 g/cap/y 657 2619 321 297 -
TSS g/cap/y 3723 5129 1520 1148 -
TN g/cap/y 986 655 1392 221 -
TP g/cap/y 438 109 104 51 -
As the total pollutant removal efficiencies in concepts 3 and 4 are mostly higher than
in concepts 1 and 2 (Table 2.3), the higher pollutant concentrations in the eﬄuent
in concepts 3 and 4 originate from the higher concentrations in the source-separated
streams. Consequently, according to the current discharge standards that are based
on pollutant concentrations rather than pollutant loadings, the discharge of eﬄuent
in concepts 3 and 4 is prohibited. However, as the pollutant loadings in the eﬄuent
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in concepts 3 and 4 decrease by up to 90% compared to concepts 1 and 2, the future
discharge standards ought to consider also the total pollutant load discharged from
wastewater treatment. With urine separation (concepts 2 and 4) both nutrient (N
and P) concentrations and loadings are decreased.
The COD/BOD ratio of the eﬄuent loading in concept 1 is higher than in other con-
cepts, originating from the high BOD5 removal efficiencies in the existing wastewater
treatment plants in the Netherlands, applied in concept 1. More data on the actual
BOD5 removal efficiencies in the A-trap in concept 2 and in the OLAND reactor in
concepts 3 and 4 is required to confirm the actual COD/BOD ratio of the eﬄuent
loading. To deal with the current discharge standards, further treatment of eﬄuent
in concepts 3 and 4 need to be considered. However, according to the COD:N:P ratio
of 100:20:1 necessary for biological treatment [181], the eﬄuent is short in organic
matter with a ratio of 100:226:18 (concept 3) and 100:38:9 (concept 4), and requires
an alternative treatment method or a source of organic matter.
2.3.7 Land area requirement
The total volume of the treatment systems in concept 1 is 0.32 m3/cap and in concept
2 is 0.53 m3/cap, of which 0.38 m3/cap originates from the urine storage tank. The
total volume of the treatment systems for black water and kitchen refuse (concept
3) is 0.15–0.22 m3/cap, and for feces and kitchen refuse (concept 4) is 0.13–0.17 m3/
cap, the lowest value being without grey water sludge co-digestion and the highest
with grey water sludge co-digestion using the MBR for bioflocculation of grey water.
Grey water treatment in the SBR-TF requires a total volume of 0.16 m3/cap, the
A-trap-TF requires 0.29 m3/cap, and the MBR-TF requires 0.14 m3/cap. The total
volume of the treatment systems in concept 3 is 0.31–0.47 m3/cap and in concept 4
is 0.67–0.81 m3/cap, reaching highest volumes with the A-trap and lowest with the
SBR. Urine separation in both centralized and source-separation based sanitation
concepts increases the land area requirement due to the large volume of the urine
storage tank. In addition, the land use of the incineration process (concept 1 and 2)
will further increase the land area requirement. The lowest land area requirement is
achieved with source-separation of black water and kitchen refuse and by using the
SBR for grey water treatment.
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2.3.8 Sensitivity analysis
The SRT applied in the high loaded biological reactors, such as the A-trap, can
have significant influence on the pollutant removal efficiencies and resulting eﬄuent
quality. For example, the removal efficiencies of the A-trap used for sewage treatment
in concept 2 are significantly higher than of the A-trap used for grey water treatment
in concepts 3 and 4 (Table 2.3). The A-trap used for sewage treatment is according
to the study of Wilsenach and van Loosdrecht (2006) [217] in which an SRT of 0.8
d was assumed to attain the highest eﬄuent quality, while the SRT of the A-trap
used for grey water treatment is according to the actual SRT of 0.6 d applied at the
demonstration site of DeSaH B.V. (2010) [45], resulting in lower removal efficiencies
similar to the ones reported by Bo¨hnke (1981) [16]. Consequently, if the SRT of the
A-trap for grey water treatment is increased to 0.8 d, the pollutant removal efficiencies
could be increased, resulting in higher eﬄuent quality. Furthermore, eﬄuent from the
A-trap with higher quality could be reused according to the urban reuse standards,
resulting in a significant indirect energy gain from water reuse, and turning the use of
the A-trap and subsequent grey water sludge co-digestion into an energetically more
favorable option than the use of the SBR. However, due to limited experimental data
and the different composition of grey water and sewage, more research is required
to confirm the relation between the SRT of the A-trap and the pollutant removal
efficiencies.
Significant part of the total energy consumption in the sanitation concepts origi-
nates from the energy used for heating the digester and the UASB reactor. Location
specific data on the environmental temperature and the tap water temperature have
a major effect on the energy demand of heating, as the tap water temperature defines
the amount of energy used for heating up the influent and the environmental tem-
perature defines the amount of energy used to compensate heat loss through reactor
walls. For example, if the tap water and environmental temperature is increased to
15◦C (as an average annual temperature in the south of Europe), the primary energy
consumption for heating decreases by 13–20% in all sanitation concepts. In contrast,
if the tap water and environmental temperature is decreased to 6◦C (as an average
annual temperature in the north of Europe), the primary energy consumption for
heating increases by 15–21% in all sanitation concepts. The location and the accord-
ing temperatures may therefore affect the feasibility of grey water sludge co-digestion
in the UASB reactor, especially when grey water is concentrated in the MBR with a
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high sludge production.
The transport distance of urine and excess sludge is another location specific pa-
rameter significantly influencing the energy balance of the sanitation concepts. Acces-
sibility and the demand for fertilizers on agricultural land in the vicinity determines
the transport distance of urine and excess sludge. In the case of centralized sanita-
tion, the critical distance to agricultural land at which urine transport (concept 2)
becomes unfavorable compared to concept 1 is 410 km, including the indirect energy
gain from water saving and nutrient recovery. This distance covers transport of urine
from the Netherlands to France and is higher than any actual distance to accessible
agricultural land. However, to avoid high energy consumption of transporting, col-
lected urine should be concentrated at long distances. When considering the use of a
vapour compression distillation process with an average primary energy consumption
of 337 MJ/m3 [123], the critical distance at which evaporation of urine becomes more
favorable than transporting of urine is 90 km. In the case of source-separation based
sanitation, the critical distance to agricultural land at which urine and excess sludge
transport (from the UASB reactor and the SBR) becomes unfavorable compared to
concept 1 is 140 km in concept 3 and 150 km in concept 4, including the indirect
energy gain from water saving and reuse, and nutrient recovery. Furthermore, by
using the A-trap for bioflocculation of grey water and subsequent grey water sludge
co-digestion in the UASB reactor, the critical distance is increased to 300 km in con-
cept 3 and to 180 km in concept 4, covering the transport within the Netherlands.
Although the transport of urine and excess sludge over long distances is never the
optimal solution for nutrient recovery, the long critical distances presented above
realizes the possibilities of implementing nutrient recovery technologies in locations
surrounded by agricultural lands with surplus of nutrients.
According to the study of Thibodeau et al. (2011) [186], one of the most critical
factors influencing the economic viability of source-separation of black and grey water
is the water consumption for vacuum toilet. Reduction in the vacuum toilet flow has
a major effect not only on the heating energy used for the UASB reactor, but also
on the energy consumption for the vacuum collection and transport of wastewater.
For example, if the water consumption for the vacuum toilet used for black water
is decreased to 1.5 L/cap/d (0.25 L per flush) and the energy consumption for the
vacuum collection is assumed to decrease by 75% ( 1.56 L), the energy consumption
in concept 3 can be decreased by 35–55%, attaining the lowest primary energy con-
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sumption (156 MJ/cap/year using the SBR) of all the sanitation concepts, including
the indirect energy gain from water saving and reuse, and nutrient recovery.
2.3.9 Outlook
This study provides insight into the influence of urine separation and different grey
water treatment configurations (with (A-trap/MBR) and without (SBR) grey water
sludge co-digestion) on the energy and material balances of centralized and source-
separation based sanitation concepts. The energy and material balances are based
on collection, transport and treatment of wastewater leaving out the energy and
materials used in the construction and maintenance of the required infrastructure.
However, according to Tid˚aker et al. (2007) [187], the energy use for the source-
separation infrastructure is significant, and further research is therefore needed to
complete the total life cycle of the sanitation concepts.
This study emphasizes the direct reuse of source-separated urine as a multicom-
ponent fertilizer in agriculture. Beside the downside of urine transport, direct reuse
also involves concerns about the contamination of soil and plants by pharmaceutical
residues present in urine [221]. Further research on technologies for indirect resource
recovery from urine would help to address both of these issues. Nevertheless, micro-
pollutants are widely measured also from wastewater eﬄuents and receiving water
bodies, posing an actual contamination risk on the surrounding agriculture and drink-
ing water production [182]. Clearly, micro-pollutants are of concern not only in the
reuse of source-separated waste streams, but in the whole urban water cycle.
As most of the pathogens in wastewater are present in the black water stream, the
pathogenic risk related to land application of black water sludge should be minimized.
This could be done by pasteurizing black water in a hyper-thermophilic UASB reactor
at 70◦C [224]. Since the higher operational temperature of the UASB reactor will
increase its energy demand, the water consumption for vacuum collection of black
water should be minimized. Alternatively, black water sludge could be disinfected by
co-composting with locally available garden waste.
To guarantee the optimal energy recovery from domestic wastewater streams, the
influence of grey water sludge co-digestion on the UASB reactor performance, in
particular the effect of surfactants on the digestion process needs to be further inves-
tigated. In addition, the effect of grey water sludge co-digestion on the excess sludge
quality in terms of heavy metals and micro-pollutants should be determined.
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Beside struvite recovery, further research should focus on alternative phosphorus
recovery technologies to minimize the chemical use and to produce other phosphorus
products, such as calcium phosphate, more suited for the needs of current fertilizer
industries. Furthermore, to promote the full closing of carbon and nutrient cycles, a
better understanding on the origin of heavy metals in the excess sludge of the UASB
reactor is required. By targeted and functional standards for the sludge reuse in
agriculture, resources from the source-separated waste streams can be recovered in
such a way that the soil quality is improved.
2.4 Conclusions
The highest primary energy consumption of 914 MJ/cap/year is attained within the
centralized sanitation concept. By coupling the centralized concept with source-
separation of urine the energy consumption is decreased to 687 MJ/cap/year, and
further to 501 MJ/cap/year with indirect energy gain from water saving and nutrient
recovery.
Source-separation of black water, kitchen refuse and grey water results in a primary
energy consumption of 767 MJ/cap/year, and in a consumption of 522 MJ/cap/year
with indirect energy gain from water saving and reuse, and nutrient recovery. Urine
separation within the source-separation based sanitation concept decreases the energy
consumption to 567 MJ/cap/year with a gravity urine diverting toilet and to 555 MJ/
cap/year with a vacuum urine diverting toilet. With the indirect energy gain from
water saving and reuse, and nutrient recovery, the energy consumptions are further
decreased, reaching the lowest energy consumptions of 208 MJ/cap/year (gravity)
and 190 MJ/cap/year (vacuum) of all the sanitation concepts.
Source-separation of urine not only improve the energy balance and nutrient re-
covery, but also increases the eﬄuent quality in terms of nutrient concentrations and
the overall pollutant loading in both centralized and source-separation based sanita-
tion concepts. However, larger land area and higher chemical use in the centralized
concept is required.
Grey water bioflocculation in the A-trap and subsequent grey water sludge co-
digestion in the UASB reactor decreases the primary energy consumption by 19% in
the source-separation of black water, and 22% (gravity) and 21% (vacuum) in the
source-separation of urine and feces, compared to grey water treatment in the SBR
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without grey water sludge co-digestion. However, as grey water eﬄuent from the
A-trap does not comply with the water reuse standards, in contrast to eﬄuent from
the SBR, the use of the SBR for grey water treatment becomes energetically more
favorable than the A-trap when indirect energy gain from water reuse is taken into
account. Although grey water eﬄuent from the MBR is applicable for water reuse,
the high sludge production and the resulting high energy consumption makes the use
of the MBR energetically unfavorable.
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Chapter 3
Black water sludge reuse in
agriculture: Are heavy metals
a problem?
Abstract
Heavy metal content of sewage sludge is currently the most significant factor lim-
iting its reuse in agriculture within the European Union. In the Netherlands most
of the produced sewage sludge is incinerated, mineralizing the organic carbon into
the atmosphere rather than returning it back to the soil. Source-separation of black
water (toilet water) excludes external heavy metal inputs, such as industrial eﬄuents
and surface run-offs, producing sludge with reduced heavy metal content that is a
more favorable source for resource recovery. The results presented in this paper show
that feces is the main contributor to the heavy metal loading in vacuum collected
black water (52%–84%), while in sewage the contribution of feces is less than 10%.
To distinguish these two streams in the sludge reuse regulation, a control parameter
should be implemented, such as the Hg and Pb content that is significantly higher
in sewage sludge compared to black water sludge (from 50– to 200–fold). The heavy
metals in feces and urine are primarily from dietary sources, and promotion of the
soil application of black water sludge over livestock manure and artificial fertilizers
could further reduce the heavy metal content in the soil/food cycle.
This chapter has been published as: Tervahauta, T., Rani, S., Herna´ndez Leal, L.,
Buisman, C. J. N., Zeeman, G., 2014. Black water sludge reuse in agriculture: Are
heavy metals a problem? Journal of Hazardous Materials (274), 229–236.
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3.1 Introduction
Soil is an important carbon storage and can hold three times the amount of carbon
present in the atmospheric carbon pool [97]. Even a minute change in soil carbon
reserve could therefore result in a significant change in the atmospheric CO2 con-
centration [37]. The carbon sink capacity of soil impacts significantly not only the
global climate change but also the world food security [98]. Soil erosion and microbial
mineralization of organic carbon due to land use change and soil cultivation are sug-
gested as the major routes for soil organic carbon loss [39]. To restore the soil organic
carbon pool, reuse of crop residues and bio-solids, such as compost and manure, in
agriculture is promoted [97].
Soil application of sewage sludge is considered as one of the most desired disposal
methods to utilize its rich organic and inorganic plant nutrient content, but the
presence of potentially toxic metals often restricts its use [168]. Reuse of sewage
sludge in agriculture therefore divides opinions and the legislation regulating its use
is highly diverse in different regions [150]. Within the European Union (EU) the soil
application of sewage sludge is regulated under the Directive 86/278/EEC that sets
the minimum quality standards for the soil and sludge used in agriculture in terms of
heavy metal concentration and load [53]. However, several member states of the EU
define national limit values apart from the EU standards, resulting in a great variety of
sewage sludge treatment and disposal practices [87]. The Netherlands, being among
the most rigid of the member states, sets the limit values below the common EU
standards, prohibiting the soil application of sewage sludge [17]. Instead, the most
common disposal route is incineration that not only mineralizes the organic carbon
into CO2 and destroy the plant nutrients nitrogen and phosphorus, but also requires
additional energy input [58].
Source-separation of black water (toilet water) excludes external heavy metal in-
puts, such as industrial eﬄuents and surface run-offs, and is therefore a more favorable
source for resource recovery compared to sewage [220]. Vacuum collection of black
water and sub-sequent treatment in an upflow anaerobic sludge blanket (UASB) re-
actor produces sludge with minimum input of heavy metals from household chemicals
[225]. Although the heavy metal content is significantly lower compared to sewage
sludge, the reuse of black water sludge is prohibited in the Netherlands under the
Dutch guidelines due to elevated Cu and Zn concentrations [41]. However, as the
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characteristics of sewage and concentrated black water are different, leading to dif-
ferent origin of heavy metals in these streams, the use of the same guidelines on both
streams can be argued.
There is a need to work towards a more targeted regulation of the soil application
of wastewater sludge that is based on the characteristics and the origin of heavy
metals in the sludge. Several studies have been conducted to determine the origin
of heavy metals in municipal sewage [130, 31, 90, 170, 155] and source-separated
domestic wastewater (black water/feces and urine, grey water and solid bio-waste
[204, 143, 206]. No studies, however, have drawn the full heavy metal mass balance of
black water including the fractions of toilet paper and toilet detergent, and investigate
the primary origin of heavy metals in the black water components. Furthermore, no
studies have compared the heavy metal content of black water and sewage sludge,
and critically evaluated the applicability of current sludge reuse regulation on these
different streams.
This study presents the full heavy metal mass balance of black water based on
literature data with additional control samples analyzed within this study. The con-
tribution of different black water components to the total heavy metal loading of black
water is determined and compared with the heavy metal loading of sewage. To argue
for targeted sludge reuse regulation, a control parameter is suggested to distinguish
black water from sewage. To further promote soil application of black water sludge,
the primary origin of heavy metals in the black water components is investigated,
and the impact of current agricultural practices on the heavy metal content in the
soil/food cycle is discussed.
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3.2 Materials and Methods
3.2.1 Heavy metal loading calculations
Heavy metal loading (mg/cap/day) was used as a parameter to draw the heavy metal
mass balance of black water, to calculate the contribution of different black water
components, and to determine the dietary excretion of heavy metals from the human
body. The heavy metal loading of black water components and black water was
calculated according to Eq. (3.1)
Q = C ∗DW ∗ P (3.1)
where Q is the heavy metal loading (mg/cap/day), C is the heavy metal concentration
(mg/gDW), DW is the dry weight of the sample (g/L), and P is the production rate
of the sample (L/cap/day or gDM/cap/day) presented in Table 3.1.
Table 3.1: Production rate of feces, urine, flush water, toilet paper, toilet detergent and
concentrated black water
Sample Unit Production rate
Feces gDM/cap/day 301
Urine L/cap/day 12
Flush water L/cap/day 62
Toilet paper gDM/cap/day 143
Toilet detergent gDM/cap/day 1∗
Concentrated black water L/cap/day 7.52
(1) [92]
(2) [91] (based on vacuum toilet)
(3) [200]
DM=dry matter
* assumed based on consumption of 1 toilet rim
block/cap/month
3.2.2 Literature data
Extensive literature study was done to acquire data on the heavy metal concentrations
of different black water components and black water, and the heavy metal loading of
food (diet). The data was collected from studies conducted in 11 different countries
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within Europe during the last 30 years. The location, sample size and reference of
literature data on feces, urine, flush water and black water is presented in Table
3.2. In this study flush water is considered to be tap water. The location, type
of study and reference of literature data on food is presented in Table 3.3. Three
different types of studies were included: duplicate diet study, total diet study and
direct analysis. In duplicate diet study an ordinary diet is consumed from which a
duplicate portion is prepared for analysis. Total diet study, also known as market
basket analysis, determines the level of contaminants in various food products and
estimates the dietary intake of a population. In direct analysis, randomly selected
food products are analysed and the dietary intake is determined.
Table 3.2: Location, sample size and reference of literature data on feces, urine, flush water
and black water
Sample Location Sample size Reference
Feces UK 23 [25]
Belgium 25 [29]
Sweden 27 [29]
Sweden 15 [194]
Sweden 20 [196]
Sweden nd [208]
Sweden 15 [195]
Croatia 17 [195]
LU 40 [11]
Urine UK 23 [25]
Italy nd [128]
Sweden 20 [173]
Sweden 13 [88]
Germany 14 [162]
Germany 4000 [90]
LU 40 [11]
Flush water Germany 5100 [90]
Italy 36 [178]
Black water Sweden 3 [143]
NL nd [91]
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Table 3.3: Location, type of study and reference of literature data on food (diet)
Location Type of study Reference
Belgium Duplicate Diet study [24]
NL Total Diet study [47]
France Direct analysis [13]
France Total Diet study [106]
UK Total Diet study [223]
UK Total Diet study [152]
Denmark Direct analysis [99]
Spain Direct analysis [15]
Italy Total Diet study [189]
Sweden Total Diet study [10]
3.2.3 Sample collection
To cross-check the literature data on the heavy metal concentration of black water
components and black water, samples were collected at three different locations in the
Netherlands all using vacuum toilets (Table 3.4). Additionally, toilet paper and toilet
detergent were sampled and analyzed to complete the heavy metal mass balance
of black water. Black water sludge was sampled within the study of Tervahauta
et al. (2014) [185] during the first 500 days of operation of a black water UASB
reactor. After 500 days calcium phosphate granules were formed in the sludge bed.
Five different toilet papers were analyzed: two regular, two 100% recycled and one
ecological toilet paper made 100% from an agricultural by-product of wheat straw.
Three different brands of toilet rim blocks were analyzed as toilet detergent. The
wastewater samples were stored at 4◦C prior to analysis.
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Table 3.4: Location and sample size of collected samples of black water components, black
water, and black water sludge in the Netherlands
Sample Location Sample size
Feces WUR (NL) 20 (collective sample)
Urine Wetsus (NL) 2 (collective sample)
Flush water DESAR (NL) 3
Toilet paper NL 5
Toilet detergent NL 3
Black water DESAR (NL) 7
Black water sludge Wetsus (NL) 3
NL=the Netherlands
WUR=Wageningen University
DESAR=Decentralized Sanitation and Reuse
demonstration site, Sneek
Wetsus=Centre of Excellence for Sustainable Water
Technology, Leeuwarden
3.2.4 Sample preparation and analysis
The heavy metal concentration of feces, toilet paper, toilet detergent, black water,
and black water sludge was determined from the dry matter fraction, and the heavy
metal concentration of urine and flush water was determined from the unfiltered
sample. The dry weight was determined by drying the sample at 105◦C overnight
and by recording the weight. The dry matter fraction was then acid digested using
Ethos 1 Advanced Microwave digestion system of Milestone. The dried sample (0.5
g) was placed in a special microwave vessel with 10 mL of nitric acid (68 %). To
ensure a complete destruction of the sample, a mixture of nitric acid (2.5 mL) and
hydrochloric acid (37%) (7.5 mL) was used for toilet paper, and a mixture of nitric
acid (6 mL), sulfuric acid (96%) (2 mL) and milliQ water (1 mL) was used for toilet
detergent. The samples were heated in the microwave at 180◦C for 25 minutes. The
acid digestion was done in duplicate and the relative standard deviation (%RSD)
was controlled within 20%. Heavy metals (As, Zn, Cu, Ni, Cd, Pb, Hg and Cr)
were then analyzed from the digestate with Inductively Coupled Plasma Optical
Emission Spectrometry (ICP–AES) (Perkin Elmer Optima 5300174 DV). Urine and
flush water were directly analyzed with ICP–AES after addition of nitric acid to reach
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acid concentration of 1% to retain heavy metals in solution. The limit of detection
(LOD) for ICP–AES was 25 ppb for Cu, Cd, Cr, Zn and Ni, and 250 ppb for As and
Pb. The heavy metals below these limits were analyzed with Inductively Coupled
Plasma Mass Spectrometry (ICP-MS) in an external lab with LOD of 0.02 ppb for
Hg, 0.1 ppb for Cd, 1 ppb for As, Cr, Pb and Ni, 5 ppb for Cu, and 10 ppb for
Zn. The ICP–AES/MS analysis was done in duplicate and the %RSD was controlled
within 5% and for toilet paper within 7%.
3.2.5 Statistical analysis
Statistical analysis using Statdisk software was used to compare the contribution of
different black water components to the total heavy metal loading of black water.
Hypothesis test using the sample size, average heavy metal loading and standard
deviation was used to evaluate the confidence interval at which a certain black water
component is the major contributor in the heavy metal loading of black water. The
normality of the data sets was defined according to Hair et al. (1998) [69], and was
confirmed normally distributed at a confidence interval of 99% for feces and 95%
for urine. However, it should be noted that the normality was calculated using the
average values from the literature studies, and the size of the data sets was therefore
limited. Furthermore, due to this reason the normality of the flush water data set
was not possible to confirm.
3.3 Results
3.3.1 Heavy metal mass balance of black water
Tables 3.5, 3.6 and 3.7 present the heavy metal loading of feces, urine, flush water,
toilet paper, toilet detergent and black water according to both literature and exper-
imental data, calculated according to Eq. (3.1). The calculated total heavy metal
loading of the black water components is compared with the measured heavy metal
loading of black water.
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Results
The literature and experimental data on the heavy metal loading of feces are similar,
and the relatively low standard deviations indicate consistent feces composition, also
realized in regions outside Europe [130, 161]. The As content of feces is below the
detection limits, and Hg is only detected in the literature data. The differences
between the literature and experimental data on Hg is possibly due to different local
conditions and demographic aspects [170].
The literature and experimental data on the heavy metal loading of urine are
similar for As, Pb, Cu and Zn. Possibly due to the different locations and sample
sizes, Cd, Cr, Ni and Hg are only detected in the literature data. The high standard
deviations indicate highly variable urine composition. In the study of Kuntke (2013)
[95], the amount of organic compounds in urine was shown to strongly correlate with
the dilution of urine. However, as the inorganic compounds in urine did not show as
strong correlation with the dilution, the high standard deviations for heavy metals
in urine cannot be explained by it. Instead, the highly variable composition of tap
water used for drinking could influence the variation in the urine composition.
The type of water source, the regional geological conditions and the piping materials
influence the changes in tap water composition [90]. The heavy metal loading of tap
water in the regional pumping station providing water to the DESAR demonstration
site in Sneek (NL) (Cu and Zn ≤ 0.03 and Ni ≤ 0.006 mg/cap/day in Spannenburg
pumping station [211]) is significantly lower compared to the loading of tap water
at the demonstration site (Cu 1.35, Zn 1.47 and Ni 0.81 mg/cap/day), indicating
an input of heavy metals to tap water from the distribution network. The strong
influence of piping materials on the Cd, Cu, Zn and Pb loading in tap water has also
been shown in other studies [31, 90].
Due to the lack of recent literature data, only experimental data are presented
for toilet paper and toilet detergent. Toilet paper contains mostly Zn and Cu, and
small amounts of Pb, Cd and Ni. Similar Cd and Pb content of recycled toilet paper
is presented in the study of Storr-Hansen and Rastogi (1988) [175], while no Hg is
detected in toilet paper in this study, and might be due to the overall decrease in
Hg levels in the environment [206]. The Cu and Zn loading from the wheat straw
toilet paper (Cu 0.09 and Zn 0.22 mg/cap/day) is slightly lower compared to the
wood derived toilet paper (Cu 0.11 and Zn 0.25 mg/cap/day). However, the Cd, Pb
and Ni loading from the wheat straw toilet paper (Cd 0.002, Pb 0.03 and Ni 0.02
mg/cap/day) is around 10-fold higher compared to the wood derived toilet paper
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(Cd 0.0003, Pb 0.007 and Ni 0.005 mg/cap/day), and has an additional Cr loading of
0.04 mg/cap/day. The use of wheat straw toilet paper is therefore not considered in
this study. Only small amount of Zn is detected in toilet detergent, contributing less
than 0.0005% to the calculated total heavy metal loading of black water. Similarly,
the heavy metal content of most household detergents is found to be low [31]. The
low standard deviations indicate consistent composition of toilet paper and toilet
detergent.
The measured heavy metal loading of black water is either lower or similar to the
calculated total heavy metal loading of black water components, indicating absence
of external heavy metal input to toilets such as household chemicals. However, the
measured Cr and Ni loading of black water according to experimental data is higher
compared to the calculated loading, and could be explained by a temporary input
of household chemicals to the toilets. The high standard deviations of Cr and Ni in
the experimental data could be related to the use of Cr and Ni in metal finishing
processes for stainless steel used in pipes, pumps and fittings, and the wearing off
of the metal coating over time [155]. The overall high standard deviations of the
measured heavy metal loadings of black water indicate highly variable black water
composition that can originate from regional and seasonal changes in the household
activities. Nevertheless, the heavy metal mass balance of black water is closed with
the exception of As that is correlating with local geochemical conditions [213].
3.3.2 Heavy metal contribution from black water components
Based on the literature data on average heavy metal loadings of black water (Table
3.5, 3.6 and 3.7), feces contributes major part to the Pb, Cd, Cu, Zn, Cr, Ni and
Hg loading of black water (52%, 84%, 63%, 80%, 72%, 75% and 69%, respectively).
Flush water has a high contribution to the Pb (25%) and Cu (29%) content of black
water, and can be related to the use of Pb and Cu piping materials [31, 90]. The As
loading of black water originates from flush water (53%) and urine (47%), and the Hg
loading originates from feces (69%) and urine (31%). The contribution of toilet paper
to the Pb, Cu, Zn, Cd and Ni content of black water stays within 10%. According
to the statistical analysis, the contribution of urine to the As loading of black water
is either lower or equal to the contribution of flush water at a confidence interval of
95%. The contribution of feces to the Pb, Cd, Cu, Zn, Cr and Ni loading of black
water is higher than the contribution of flush water at a confidence interval of 95%.
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Feces can be therefore considered as the main contributor to the heavy metal loading
of black water with the exception of As.
In the study of Koch and Rotard (2001) [90], tap water is found to be one of
the most significant contributors to the heavy metal loading of municipal sewage,
in particular Cu and Zn, while feces accounts for less than 10% of the heavy metal
loading and urine is considered to be a negligible source. As concentrated black water
contains a significantly smaller fraction of tap water compared to sewage, the contri-
bution of heavy metals from tap water decreases, while increasing the heavy metal
contribution from feces and urine. The vacuum collection of black water therefore
creates a wastewater stream characterized by human originated content (feces and
urine) rather than infrastructure originated content (tap water).
3.3.3 Origin of heavy metals in feces and urine
The absorption and excretion of heavy metals in the human body can be defined by
the exposure media, major uptake pathways, transport and distribution, and major
excretory pathways [7]. The exposure media can be divided to air, water, food and
medicine, the major uptake pathways can be divided to skin, respiratory tract and
gastrointestinal tract, the transport and distribution is done via blood and organs
(in particular liver and kidney), and the major excretory pathways can be divided
to sweat, hair, urine and feces. To investigate the correlation between the major
heavy metal uptake and excretory pathways, the average heavy metal loading of
food, feces and urine according to literature data are used to compare the calculated
and theoretical dietary excretion of heavy metals from the human body (Table 3.8).
The calculated dietary excretion (%) was determined according to Eq. (3.2)
Dietary excretion =
Qfeces +Qurine
Qfood
∗ 100% (3.2)
where Qfeces and Qurine are the average heavy metal loadings (mg/cap/day) of feces
and urine according to literature data presented in Table 3.5, 3.6 and 3.7, and Qfood
is the average heavy metal loading (mg/cap/day) of food presented in Table 3.8.
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Table 3.8: Literature data on the average heavy metal loading of food (mg/cap/day) and
dietary excretion of heavy metals from the human body (%)
Element Food∗ Dietary excretion (%)
Avg Std Calculated Theoretical
As 0.106 0.175 28 701
Pb 0.034 0.029 153 902
Cd 0.014 0.006 78 953
Cu 1.25 0.179 103 25–454
Zn 11.3 2.35 96 60–805
Cr 0.128 0.118 19 986
Ni 0.168 0.090 79 997
Hg 0.005 0.003 405 5–858
* references presented in Table 3.3
(1) [154]
(2) [30]
(3) [214]
(4) [180]
(5) [179]
(6) [136]
(7) [67]
(8) [127]
Avg=Average
Std=Standard deviation
The different dietary excretion fractions are due to the different functions of heavy
metals in the human body, and depends on the form and solubility of the metal
compound ingested. Cu and Zn are essential trace elements, therefore, their excretion
from the human body is generally lower compared to As, Pb, Cd, Cr, Ni, Hg that
either have no significant function in the metabolic system or are toxic already at
low levels. The calculated excretion of Pb, Cu, Zn and Hg is higher compared to the
theoretical excretion, and external sources are therefore considered to contribute to
the load of these heavy metals in feces and urine. External sources can be drinking
water, medicine, mineral supplements and air pollution. In addition, Hg is known
to originate from dental amalgam [66, 170]. The calculated excretion of As, Cd,
Cr and Ni is lower compared to the theoretical excretion, and no external sources
are therefore considered to contribute to the load of these heavy metals in feces and
urine. The differences in geochemical conditions and agricultural practices in different
66
Discussion
regions further influence the variation in the heavy metal load in food, and thus the
calculated dietary excretion of heavy metals. The data in Table 3.8 show that the
heavy metals in feces and urine primarily originate from dietary sources, except for
Hg.
In the study of Rose et al. (2010) [152], the contribution of different food groups
to the dietary exposure of heavy metals is determined. The main contributors to the
Pb, Cd, Cu, Cr, Ni and Hg loading of the diet are bread, cereals, fruits, potatoes
and vegetables (57%, 73%, 61%, 46%, 41%, and 29%, respectively). Meat and dairy
products contribute the largest part to the Zn loading (56%) and fish contributes the
largest part to the As loading (88%) of the diet. Other food groups contributing to the
heavy metal loading of the diet are sugars and preserves (1–16%), and beverages (2–
21%). As majority of the heavy metals in the diet originate from agricultural products
(bread and cereals, fruit and vegetables, meat and dairy), the dietary exposure of
heavy metals can be linked to agricultural practices.
3.4 Discussion
3.4.1 Closing the agricultural heavy metal cycle
According to Nicholson et al. (2003) [133], the main sources of heavy metals entering
agricultural soil in England and Wales can be ascribed to atmospheric deposition,
livestock manures, sewage sludge and inorganic fertilizers. The heavy metal input
rates (g/ha/year) from the different sources are compared by assuming an applica-
tion rate equivalent to 250 kgN/ha/year for sewage sludge and livestock manures.
Based on this comparison, the soil application of sewage sludge generates the highest
input rates of all heavy metals to agricultural soil. Major part of the Pb and Hg
input is further contributed by atmospheric deposition, originating from industrial
activities such as energy production, mining and waste incineration. Heavy metals
in livestock manures originate from the diets, drinking water and housing of the live-
stock, and contribute major part to the Zn and Cu input. Among the inorganic
fertilizers, phosphate fertilizer has a significant heavy metal content that originates
from phosphate rock, and contributes major part to the Cd and Cr input.
Although the soil application of sewage sludge promotes closing of the carbon and
nutrient cycle, the high input rates of heavy metals to agricultural soil poses a serious
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threat to the soil quality. Major part of the heavy metals in sewage sludge originates
from industrial eﬄuents and surface run-offs, and yet many sources are unknown
[90, 170]. Given the new developments in waste management and sanitation, a new
sludge reuse regulation is required following a source-oriented approach to allow feces
and urine to return to the soil/food cycle without external heavy metal inputs. As
black water sludge is predominantly human originated (feces and urine), it should be
differentiated from sewage sludge in the sludge reuse regulation to promote carbon
and nutrient recovery while improving the soil quality. This could be done by defining
a control parameter, such as the Hg and Pb content that is significantly higher in
sewage sludge compared to black water sludge (from 50- to 200-fold) (Table 3.9), to
distinguish these two streams in the sludge reuse regulation.
Table 3.9: Heavy metal content of black water sludge, sewage sludge, cow manure and
phosphate fertilizer (Unit mg/kgP)
Element BW sludge∗ Sewage sludge1 Cow manure2 P-fertilizer3
As 12 300 nd 33
Cd 13 39 33 91
Cr 731 1268 1145 1245
Cu 3720 12701 14397 207
Hg 0.12 23 nd 0.7
Ni 466 1025 1472 202
Pb 69 3519 695 154
Zn 13919 31166 25947 1923
* measured in this study
(1) [27]
(2) [202]
(3) [149]
nd=not detected
To decrease the amount of heavy metals in feces and urine, external sources of
heavy metals entering agricultural soil and sub-sequently the food products need to
be reduced. Including manure and artificial fertilizers in the sludge reuse regulation is
therefore recommended. One of these examples is the ongoing plan to regulate the Cd
content of phosphate fertilizers in the European market [135]. For the sludge reuse
regulation to reflect more the application rate of inorganic and organic fertilizers,
the maximum permissible heavy metal content should be based on the phosphorus
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content of these products. As black water sludge has a significantly lower heavy
metal content compared to cow manure, and a lower As, Cd, Cr, Hg and Pb con-
tent compared to phosphate fertilizers per kg phosphorus (Table 3.9), black water
sludge should replace part of the manure and phosphate fertilizers applied in agri-
cultural land, provided that the bio-availability of phosphate in black water sludge is
sufficient. Zeeman (2012) [224] calculates that at full recovery phosphorus in black
water and kitchen refuse can replace 25% of the present global artificial phosphate
fertilizer need. As manure represents a significant stream of carbon and nutrients,
alternative ways to decrease the heavy metal content, such as heavy metal regulation
of the livestock feed, should be ultimately implemented for manure to be utilized in
agriculture. To minimize the risk related to pathogens when applying wastewater
sludge in agricultural soil, pasteurisation of the sludge at 70◦C should be performed
[216]. For this reason a hyper-thermophilic treatment of sludge could be implemented
[114]. Hyper-thermophilic treatment can be applied energy efficiently on black water
that is collected with highly water efficient toilets [224].
3.4.2 Toxicity of heavy metals
The regulations on heavy metals entering agricultural soil need to take into account
the greatly varying toxicity of the metals and the characteristics of the soil. As Cu
and Zn are essential trace elements, they become toxic only at high levels of exposure,
while Ni, Cr, Cd, Pb and Hg have no essential role in the metabolic system and are
toxic already at low concentrations (Cd, Pb and Hg), or can be tolerated at medium to
high concentrations (Ni and Cr) [139, 203]. Within the EU the maximum permissible
concentrations of Zn and Pb in the soil are the same (300 mg/kgDW), while in the
U.S. the permissible concentration of Pb is significantly lower compared to Zn (150
mgPb/kgDW and 1400 mgZn/kgDW), reflecting more the different toxicity of the
heavy metals (Renner, 2000). The EU Directive 86/278/EEC is currently under
revision and a study is launched to examine the environmental, economic, social
and health impacts of present sewage sludge reuse practices in agricultural soil [55].
In order to protect the soil quality, a new heavy metal regulation within the EU is
needed that differentiates black water sludge from sewage sludge, promoting the reuse
of black water sludge in agriculture.
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3.5 Conclusions
• According to the heavy metal mass balance, black water does not contain ex-
ternal heavy metal sources, such as household chemicals.
• Feces is the main contributor to the heavy metal loading of vacuum collected
black water (52%–84%), while in sewage the contribution of feces is less than
10%.
• To distinguish black water from sewage in the sludge reuse regulation, a con-
trol parameter should be implemented, such as the Hg and Pb content that is
significantly higher in sewage sludge compared to black water sludge (from 50-
to 200-fold).
• The heavy metals in feces and urine are primarily from dietary sources, and
promotion of the soil application of black water sludge over livestock manure
and artificial fertilizers could further reduce the heavy metal content in the
soil/food cycle.
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Chapter 4
Improved energy recovery by
anaerobic grey water sludge
treatment with black water
Abstract
This study presents the potential of combining anaerobic grey water sludge treat-
ment with black water in an upflow anaerobic sludge blanket (UASB) reactor to
improve energy recovery within source-separated sanitation concepts. Black water
and the mixture of black water and grey water sludge were compared in terms of bio-
chemical methane potential (BMP), UASB reactor performance, COD mass balance
and methanization. Grey water sludge treatment with black water increased the en-
ergy recovery by 23% in the UASB reactor compared to black water treatment. The
increase in the energy recovery can cover the increased heat demand of the UASB
reactor and the electricity demand of the grey water bioflocculation system with a
surplus of 0.7 kWh/cap/y electricity and 14 MJ/cap/y heat. However, grey water
sludge introduced more heavy metals in the excess sludge of the UASB reactor, and
might therefore hinder its soil application.
This chapter has been published as: Tervahauta, T., Bryant, I. M., Herna´ndez Leal,
L., Buisman, C. J. N. and Zeeman, G., 2014. Improved energy recovery by anaerobic
grey water sludge treatment with black water. Water 6 (8), 2436-2448.
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4.1 Introduction
Biogas as a renewable energy source is increasing its energy market share with the
enforced regulation of organic waste treatment and recycling in the European Union
(EU) [77]. Co-digestion is a well-known concept for improving the biogas yield from
different wastewater streams and biosolids due to positive synergisms in the micro-
biota, supply of nutrients, dilution of inhibitive compounds, and improved moisture
content of the feed [121]. Several studies have investigated the co-digestion of differ-
ent substrates such as sewage sludge and grease trap sludge [38, 116], cattle slurry
and cheese whey [33], potato processing water and glycerol [117], and a number of
different animal manures and energy crops, also mentioned in the White Paper of
renewable energy sources (RES) of the EU-Commission from 1997 [34].
Anaerobic treatment of source-separated domestic wastewater is recognized as the
core technology to improve energy recovery from domestic wastewater [227]. Con-
centrated black water (toilet water) and kitchen refuse has been traditionally con-
sidered as the main source for energy recovery in the decentralized sanitation and
reuse (DESAR) concept [91]. Co-digestion of kitchen refuse with black water has
shown improved methane production in both accumulation systems [93] and UASB
septic tanks [115]. Grey water originating from washing activities in the household,
however, contributes a significant fraction of the organic load present in domestic
wastewater. Currently, this fraction is lost either by using a constructed wetland
or a sequencing batch reactor (SBR) [1], where the organic matter is oxidized in-
stead of utilizing it as an energy source. Alternatively, the organic fraction can be
concentrated in a bioflocculation unit, such as the membrane bioreactor (MBR) or
the A-trap of the AB-process [16], and sub-sequently treated with black water in
an up-flow anaerobic sludge blanket (UASB) reactor for improved energy recovery.
In the study of Herna´ndez Leal et al. (2010) [74], grey water was bioflocculated in
a MBR, and anaerobic batch experiments on the produced sludge indicated a high
biochemical methane potential (BMP) (88%).
No studies, however, have experimentally investigated grey water sludge treatment
with black water in both batch and continuous UASB reactor experiments. This
study presents the potential of grey water sludge treatment with black water in batch
experiments by determining the BMP of black water, grey water sludge from an A-
trap and their mixture. Continuous experiments are further conducted to compare the
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reactor performance, COD mass balance and methanization of two UASB reactors:
one operated on black water and one on the mixture. In addition, the influence of
grey water sludge addition on the quality of UASB reactor excess sludge in terms of
heavy metals is examined to evaluate its application in soil improvement.
4.2 Materials and Methods
4.2.1 Grey water sludge and black water source
Every two weeks grey water sludge and concentrated black water (vacuum collected)
were collected from the 32 houses in the DESAR demonstration site in Sneek, the
Netherlands [74]. Grey water sludge was collected from a storage tank connected to
the bottom of the settling tank of the A-trap and black water was collected from a
buffer tank. Grey water sludge and black water was transported to the experimental
hall in Leeuwarden and stored in a cold room at 4◦C before feeding to the reactors.
4.2.2 Experimental setup of the UASB reactors
In this study two 50 L UASB reactors were operated at 25◦C for 490 d on vacuum
collected black water and 498 d on the mixture of black water and grey water sludge
(Figure 4.1). The COD based mixture ratio of 5:1 (black water:grey water sludge) was
according to the actual COD loadings of these two streams at the DESAR demon-
stration site. Steady state was assumed after 90 d of operation with stable methane
production. The reactors were inoculated with 20 L of anaerobic sludge (9.7 gVSS/L)
from an UASB reactor operated on vacuum collected black water at 25◦C. The details
of the reactor are described in the study of de Graaff et al. (2010) [42].
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Figure 4.1: UASB reactor configuration
4.2.3 Analyses and measurements
Influent and eﬄuent samples (0.5–1 L) (36 samples) were collected weekly and an-
alyzed right after collection for TSS, VSS, CODtotal, CODsuspended, CODcolloidal,
CODsoluble, Total Nitrogen (TN), Total Phosphorus (TP), Anionic Surfactants (AS),
total ammonia nitrogen (NH4–N), Volatile Fatty Acid (VFA) (acetic acid, propionic
acid and butyric acid), anions (PO4
3−, Cl−, SO42−, NO2− and NO3−), soluble ele-
mental phosphorus (TPsoluble) and Inorganic carbon (IC). The details of the sample
collection and analysis are described in the study of de Graaff et al. (2010) [42]. The
AS concentration was determined with cuvette tests based on the MBAS standard
method [6]. Biological Oxygen Demand (BOD) was determined from the UASB re-
actor eﬄuent (4 samples). Biogas composition was analyzed from 9 samples with gas
chromatography (Shimadzu GC-2010 Gas Chromatograph containing GS-Q (CO2)
and HP molsieve (O2, N2, H2S and CH4) columns. Excess sludge (14 samples) and
sludge bed samples taken from tap 1, 2, 3 and 4 (3 times 4 samples) were analyzed
for CODtotal, TSS and VSS. The hydraulic retention time (HRT), sludge retention
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time (SRT) and the COD mass balance were calculated as described in the study of
de Graaff et al. (2010) [42].
Total lipid, protein and carbohydrate content was analyzed from the UASB reactor
influent (4 samples) and grey water sludge (1 sample). Total lipid was determined
using the Bligh-Dyer extraction method from acidified samples [14], and measuring
the lipids gravimetrically after the solvent was evaporated at 80◦C [6]. Total protein
was determined from the difference between the corresponding TN and ammonia
nitrogen concentrations, and dividing the difference by 0.16 [83]. 1 g protein (assumed
as (C4H6.1O1.2N)x) was considered to equal to 1.5 g COD [129] and the remaining
COD was termed as carbohydrates.
4.2.4 Batch experiments
Biochemical methane potential (BMP), calculated as a percentage of the influent
COD converted to methane, was determined from black water, grey water sludge and
the mixture. The experiment was done in triplicate in 500 mL glass bottles with
Oxitop heads according to the study of Kujawa (2005) [91]. The inoculum sludge
used in the experiment was anaerobic sludge from a municipal wastewater treatment
plant in Leeuwarden (20 gVSS/L). The bottles were placed on a shaker and incubated
at 35◦C for 60 d. The pH stayed within the range of 7.5-8.3 during the experiments.
4.2.5 Statistical analysis
Statistical analysis of the data was done using the hypothesis testing of Statdisk. The
normality of the data sets was defined according to Hair et al. (1998) [69] and was
confirmed normally distributed at a confidence interval of 95%.
4.2.6 Energy recovery calculations
The methane production (L/cap/d) in the UASB reactors was calculated by deter-
mining the COD load of black water and grey water sludge (86 gCOD/cap/d for
black water and 15 gCOD/cap/d for grey water sludge according to the production
at the DESAR demonstration site [45]), and using the fraction of incoming COD con-
verted to methane from the COD mass balance of the UASB reactors. The volume of
the produced methane was calculated using a theoretical methane production of 0.35
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L/gCOD (STP) and the primary energy production from methane was calculated
using the volume of methane and the calorific value of methane (35.8 MJ/m3) [181].
The increased heat demand of the MIX-UASB reactor was due to the heating of the
additional infuent stream of grey water sludge and the increased heat loss through
the reactor walls of the larger reactor. The heat demand was calculated according to
Tervahauta et al. (2013) [183] by using grey water sludge production of 1.0 L/cap/d
and temperature of 19◦C (annual average) [45], operational temperature of 25◦C for
the UASB reactor, and ambient temperature at the DESAR demonstration site of
19◦C (annual average) [45].
4.2.7 Heavy metal analysis
To assess the influence of grey water sludge addition on the quality of UASB reactor
excess sludge, heavy metals were analyzed in 3 samples of grey water sludge, and the
influent and excess sludge of the UASB reactors. Prior to the analysis, samples were
dried at 105◦C overnight and acid digested using the Ethos 1 Advanced Microwave
digestion system of Milestone. Dried sample (0.5 g) was put into a special microwave
vessel with 10 mL of nitric acid (68%). The samples were heated in the microwave at
180◦C for 25 minutes. After cooling down, the samples were diluted to reach an acid
concentration of 1%. The acid destruction was done in duplicate and the Relative
Standard Deviation (%RSD) was controlled within 20%. The samples were analyzed
with Inductively Coupled Plasma-Atomic Emission Spectroscopy (ICP-AES) for ar-
senic (As), cadmium (Cd), chromium (Cr), copper (Cu), mercury (Hg), nickel (Ni),
lead (Pb), and zinc (Zn). The limit of detection (LOD) for ICP–AES was 25 ppb for
Cu, Cd, Cr, Zn and Ni, and 250 ppb for As and Pb. The heavy metals below these
limits were analyzed with Inductively Coupled Plasma Mass Spectrometry (ICP-MS)
in an external lab with LOD of 0.02 ppb for Hg, 0.1 ppb for Cd, 1 ppb for As, Cr,
Pb and Ni, 5 ppb for Cu, and 10 ppb for Zn. The ICP–AES/MS analysis was done
in duplicate and the %RSD was controlled within 5%.
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4.3 Results and Discussion
4.3.1 Energy recovery
To determine energy recovery in grey water sludge treatment with black water, two
UASB reactors, one operated on black water and one on the mixture (5 BW : 1 GW-
S), are examined for the COD mass balance and methanization. Figure 4.2 presents
the COD mass balance of the UASB reactors over the total period of operation of 490
d for the BW-UASB reactor and 498 d for the MIX-UASB reactor. The total amount
of COD fed to the reactor during this time is 21 kg of which 3% is inoculum sludge for
the BW-UASB reactor and 30 kg of which 1% is inoculum sludge for the MIX-UASB
reactor. Methane is the amount of CH4–COD produced in the reactor, Eﬄuent is
the amount of total COD discharged with eﬄuent, Sludge wasted is the amount of
COD wasted as excess sludge including sludge bed samples, and Sludge reactor is the
amount of COD accumulated in the sludge bed. The difference between the total
incoming COD and total outgoing COD is 8% for the BW-UASB reactor and 4% for
the MIX-UASB reactor, and this fraction can be explained by errors in sampling and
analyses. The amount of CH4–COD produced in the MIX-UASB reactor (63%) is
higher compared to the BW-UASB reactor (60%). Similarly, the BMP determined
in the batch experiments is higher for the mixture (88%) compared to black water
(61%) (Table 4.1). The BMP of the mixture is higher than the calculated one based
on the mixture ratio of 5:1 (BW:GW-S) (65%), and could be due to synergistic effects
of micro-organisms increasing the biodegradable fraction in black water as a result of
grey water sludge addition [171, 3]. The mechanisms behind these processes, however,
are not yet known.
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Figure 4.2: COD mass balance of the UASB reactors over the total period of operation
(490 d for BW-UASB reactor and 498 d for MIX-UASB reactor)
Table 4.1: Sample composition and BMP in the batch experiments
Parameter Unit Black water Grey water MIX
sludge (5 BW : 1 GW-S)
CODtotal g/L 8.5 25 11
AS mg/L 189 987 309
BMP % 61 (10) 92 (0) 88 (3)
( ) standard deviation
Surfactants and lipids present in the sample can also influence the digestion process.
Surfactants are known to inhibit methanogens [60], and the high AS content of grey
water sludge and the MIX-UASB reactor influent (523 and 328 mg/L, respectively)
compared to the BW-UASB reactor influent (189 mg/L) (Table 4.2) could therefore
result in a decreased methane production. However, as lipids have a higher anaerobic
biodegradability compared to carbohydrates and proteins [5], the high lipid content of
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grey water sludge and the MIX-UASB reactor influent (74 and 59 wt%, respectively)
compared to the BW-UASB reactor influent (20 wt%) (Table 4.2) can increase the
methane production in the MIX-UASB reactor.
Table 4.2: Surfactants and organic components in the influent of the UASB reactors and
the grey water sludge added to the MIX-UASB reactor
Parameter Unit BW-UASB MIX-UASB (5 BW : 1 GW-S)
Influent Influent GW sludge
AS mg/L 189 (52) 328 (259) 523 (383)
CODtotal gCOD/L 7.1 (1.1) 17 (3.9) 63
Lipid gCOD/L 1.4 (0.26) 10 (1.9) 47
wt% 20 59 74
Protein gCOD/L 4.2 (0.26) 5.6 (2.0) 10
wt% 58 33 15
Carbohydrate gCOD/L 1.5 (0.76) 0.8 (1.0) 6.7
wt% 22 4.7 11
( ) standard deviation
The amount of COD discharged with eﬄuent is higher in the MIX-UASB reactor
(19%) compared to the BW-UASB reactor (11%), and might be due to an occational
washout of sludge to the eﬄuent. The amount of COD in the wasted sludge and
accumulated in the sludge bed are lower in the MIX-UASB reactor (10% and 5%,
respectively) compared to the BW-UASB reactor (14% and 8%, respectively), and
can be attributed to the higher methane production and the occasional loss of sludge
with the eﬄuent in the MIX-UASB reactor.
The two UASB reactors are operated with the aim of applying the same conditions
for comparing their performance. Table 4.3 presents the operational conditions and
methanization of the UASB reactors at steady state defined as the period of stable
methane production after 90 d of start up. The HRT is slightly higher in the MIX-
UASB reactor, but does not represent a significant difference at a confidence interval
of 95%. The loading rate, however, is higher in the MIX-UASB reactor (1.2 compared
to 0.9 kgCOD/m3/d) due to fluctuations in the influent COD concentration resulting
from the grey water sludge addition. Nevertheless, the operational conditions in both
UASB reactors are considered comparable. The sludge bed in both UASB reactors
is compact and well developed, resulting in a similar sludge concentration and SRT.
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The methanization in the UASB reactor is calculated by dividing the total amount of
methane produced with the difference between the accumulative influent and eﬄuent
CODtotal. The methanization in the UASB reactor is 5% higher with grey water
sludge treatment. Calculated based on the applied HRT, black water production of
5 L/cap/d and grey water sludge production of 1.0 L/cap/d [45], the volume of the
reactor at full scale would be 46 L/cap for the BW-UASB reactor and 60 L/cap for
the MIX-UASB reactor, resulting in 14 L/cap higher reactor volume for grey water
treatment with black water.
Table 4.3: Operational conditions and methanization of the UASB reactors at steady state
Parameter Unit BW-UASB MIX-UASB
Temperature ◦C 25 25
Loading rate kgCOD/m3/d 0.9 (0.2) 1.2 (0.5)
HRT d 9.3 (0.9) 10 (2.2)
SRT d 138 (73) 131 (90)
Sludge concentration gVSS/Lreactor 15 (2.4) 15 (2.9)
Methanization % 69 74
( ) standard deviation
Grey water sludge treatment with black water increases the energy recovery in
source-separated sanitation concepts by introducing an additional organic fraction,
and by increasing the methanization in the UASB reactor. The methane production in
the MIX-UASB reactor (22.2 L/cap/d) is higher compared to the BW-UASB reactor
(18.1 L/cap/d), representing an increase of 23%. This increase is lower compared to
the theoretical one calculated in the study of Herna´ndez Leal et al. (2010) [74] (73%),
and could be due to the MBR used to bio-flocculate grey water producing a higher
loading of grey water sludge of 40 compared to 29 gCOD/cap/d in this study. In the
study of Tervahauta et al. (2013) [183], however, the calculated increase in the energy
recovery of 28% is similar to this study using an A-trap to bio-flocculate grey water.
The increased energy recovery in the MIX-UASB reactor is equivalent to 55 MJ/cap/
y primary energy and can cover the increased heat demand of the MIX-UASB reactor
of 27 MJ/cap/y with a surplus of 28 MJ/cap/y. Considering an efficiency of 85% of
combined heat and power generators, of which 40% is electricity and 60% heat, this
primary energy can produce 2.7 kWh/cap/y that covers the electricity demand of the
A-trap (2 kWh/cap/y) [183]. Grey water sludge treatment with black water produces
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an amount of energy that can cover the increased heat demand of the UASB reactor
and the electricity demand of the A-trap with a surplus of 0.7 kWh/cap/y electricity
and 14 MJ/cap/y heat.
4.3.2 Eﬄuent quality
To investigate the influence of grey water sludge treatment with black water on the
eﬄuent quality of the UASB reactor, the reactor performance and eﬄuent quality
of the two reactors are compared. Table 4.4 presents the removal efficiencies and
characteristics of the influent and eﬄuent of the UASB reactors at steady state,
and characteristics of the grey water sludge added to the MIX-UASB reactor. The
eﬄuent concentrations of CODtotal, CODsuspended, CODcolloidal, CODsoluble and TN
are similar in both UASB reactors at a confidence interval of 95%. Furthermore,
the eﬄuent concentrations of VFA, TP and BOD5 can be considered similar in both
UASB reactor within the standard deviations. Grey water sludge treatment with
black water, therefore, does not deteriorate the eﬄuent quality of the UASB reactor.
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4.3.3 Excess sludge quality
In addition to increased energy recovery by grey water sludge treatment, soil ap-
plication of black water sludge is a prerequisite for maximum carbon recovery. To
investigate the influence of grey water sludge treatment on the UASB excess sludge
quality, the heavy metal content (mg/kgDW) of grey water sludge, and the influent
and excess sludge of the UASB reactors are determined and compared with the Dutch
sludge reuse guidelines (Table 4.5). The heavy metal content of grey water sludge
is higher compared to black water (BW-UASB reactor influent) with the exception
of Cr, Hg and Ni, resulting in a higher heavy metal content of MIX-UASB reactor
influent. The reuse of black water sludge is currently prohibited in the Netherlands
due to the elevated Cu and Zn concentrations. The excess sludge of the MIX-UASB
reactor has a higher heavy metal content compared to the BW-UASB reactor, but
the heavy metals are below the sludge reuse guidelines with the exception of Cu,
Zn and Ni. Grey water sludge contributes 36% (Cu), 32% (Zn) and 19% (Ni) to the
heavy metal input in the UASB reactor on solid matter basis. Since grey water sludge
contributes only 23% to the input of solid matter in the reactor, grey water sludge
addition increases the heavy metal concentration in the excess sludge. Furthermore,
as heavy metals in black water are primarily human originated (feces and urine) and
belong to the soil/food cycle [184], the introduction of external heavy metal sources by
grey water sludge addition deteriorates the excess sludge quality, and might therefore
hinder its soil application.
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4.3.4 Outlook
Anaerobic treatment of grey water sludge with black water increased the heavy metal
content of the UASB reactor excess sludge, and might therefore hinder its soil ap-
plication. In the case where soil application of the sludge outweighs the benefits
of increased energy production, another treatment system for grey water should be
chosen. A sequencing batch reactor (SBR) studied by Herna´ndez Leal et al. (2010)
[75] for grey water treatment produces stabilized sludge with a lower volume due to
a longer SRT compared to a bioflocculation unit, and therefore benefits the disposal
of the sludge. Furthermore, if grey water reuse is desired, SBR is the most favorable
option due to the high eﬄuent quality [183]. For minimum energy consumption, an
anaerobic step, such as the UASB reactor, followed by an aerobic step, such as a
constructed wetland (CW) or a SBR, is recommended for grey water treatment [1].
Ultimately, the origin of heavy metals in grey water should be assessed to investi-
gate the possibility to reduce the heavy metal content, and to optimize the resource
recovery from grey water.
4.4 Conclusions
Grey water sludge treatment with black water increased the energy recovery by 23%
in the UASB reactor compared to black water treatment. The increase in the energy
recovery can cover the increased heat demand of the UASB reactor and the electricity
demand of the grey water bioflocculation system with a surplus of 0.7 kWh/cap/y
electricity and 14 MJ/cap/y heat. However, grey water sludge introduced more heavy
metals in the excess sludge of the UASB reactor, and might therefore hinder its soil
application.
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Chapter 5
Calcium phosphate
granulation in anaerobic
treatment of black water
Abstract
Recovery of phosphorus from wastewater as calcium phosphate could diminish the
need for mining of scarce phosphate rock resources. This study introduces a novel
approach to phosphorus recovery by precipitation of calcium phosphate granules
in anaerobic treatment of black water. The granules formed in the upflow anaer-
obic sludge blanket (UASB) reactor at lab– and demonstration–scale were analyzed
for chemical composition and mineralogy by Inductively Coupled Plasma–Atomic
Emission Spectroscopy (ICP–AES), Electron microprobe (EMP), Fourier transform
infrared spectroscopy (FTIR), Raman spectroscopy and micro X–ray Diffraction
(XRD). The granules had a diameter of 1–2 mm, organic content of 33 wt%, and
phosphorus content of 11–13 wt%. Three calcium phosphate phases were identified
in the granules: hydroxyapatite, calcium phosphate hydrate and carbonated hydrox-
yapatite. Without any addition of chemicals, 7 gP/person/year can be recovered with
the calcium phosphate granules, representing 2% of the incoming phosphorus in the
UASB reactor. As the heavy metal content was lower compared to other phosphorus
recovery products, phosphate rock and phosphorus fertilizer, the calcium phosphate
granules could be considered as a new phosphorus product.
This chapter has been published as: Tervahauta, T., van der Weijden, R. D., Flem-
ming, R. L., Herna´ndez Leal, L., Zeeman, G., Buisman, C. J., 2014. Calcium phos-
phate granulation in anaerobic treatment of black water: A new approach to phospho-
rus recovery. Water Research (48), 632-642.
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5.1 Introduction
The production of artificial phosphorus fertilizers from phosphate rock is energy inten-
sive and involves significant emissions of carbon, radioactive by-products and heavy
metals [35]. As an alternative for mining of phosphate rock, phosphorus can be recov-
ered from wastewater by precipitation as magnesium ammonium phosphate (struvite)
MgNH4PO4 and calcium phosphate Cax(PO4)y [51]. Several studies have investigated
the recovery of struvite [50], its use as a fertilizer [61], and commercializing its use
as a fertilizer [192]. However, the presence of ammonium, magnesium and poorly
water soluble phosphate in struvite limits its use as a raw material in the phosphorus
industry [51]. Instead, ongoing efforts are made to create new fertilizer markets for
struvite [138]. Recovery of calcium phosphate is often considered more attractive as
it has the effective composition of phosphate rock, and can therefore be processed in
the phosphorus industry using the existing infrastructure.
Calcium phosphate is recovered from municipal wastewater and animal manure
either by using the incinerated sludge ash where phosphorus is concentrated, or by
precipitating calcium phosphate pellets in a Fluidized Bed Reactor (FBR) fed with
a concentrated stream such as flushed manure [70] or a side stream of the sludge
treatment [159]. The incinerated sludge ash has high heavy metal concentrations, in
particular copper, zinc and iron, and cannot be processed together with phosphate
rock. The calcium phosphate pellets from a FBR have lower levels of impurities and
can be used by the phosphorus industry. The drawback of this technology, however,
is the high consumption of chemicals to increase the solution supersaturation and to
adjust the pH.
In order to minimize the operation costs, phosphorus recovery technologies should
be integrated into the existing wastewater treatment processes in a way that no or a
minimum amount of chemicals is needed. For example, phosphorus could be recov-
ered in the activated sludge process without chemical additions through accumula-
tion of hydroxyapatite (HAp) (Ca10(PO4)6(OH)2) by Polyphosphate Accumulating
Organisms (PAO) in an Enhanced Biological Phosphorus Removal (EBPR) process
[119]. To avoid the need for further processing of HAp into a water soluble form, cal-
cium phosphate could be recovered in a more soluble hydrated form or as amorphous
calcium phosphate (ACP) (Cax(PO4)y*nH2O) [48]. Recovered calcium phosphate
hydrate could find a niche market as a fertilizer product when the use of processed
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fertilizers is prohibited, such as in organic farming, provided that the level of heavy
metals can be controlled.
Source separated domestic wastewater streams, such as vacuum collected black
water, are ideal for phosphorus recovery due to high phosphate concentrations and
relatively low heavy metal concentrations compared to municipal wastewater with
industrial eﬄuents and manure [220]. In the study of de Graaff et al. [42], phospho-
rus was recovered by precipitating struvite from the eﬄuent of an upflow anaerobic
sludge blanket (UASB) reactor operated on vacuum collected black water. No studies,
however, have investigated the recovery of calcium phosphate within the anaerobic
treatment of black water. Although de Graaff [41] reported supersaturation of HAp
in black water and retainment of 39% of the incoming phosphorus in the sludge bed
of the UASB reactor, no precipitation of calcium phosphate granules was observed.
This study introduces a novel approach to phosphorus recovery by precipitation of
calcium phosphate granules in anaerobic treatment of black water. The chemical com-
position and mineralogy of the produced granules from both lab- and demonstration-
scale UASB reactors are investigated by quantitative elemental analysis and direct
spectral analyses. The amount of phosphorus recovered with these granules is quan-
tified and the simultaneous phosphorus and energy recovery in the black water UASB
reactor is discussed.
5.2 Materials and Methods
5.2.1 UASB reactor and black water collection
A 50 L lab-scale UASB reactor was operated for 988 days on vacuum collected black
water at a hydraulic retention time (HRT) of 8.8 days and at 25◦C (Figure 5.1).
The reactor was started in 2010 using the same reactor configuration and operational
conditions as in the study of de Graaff et al. [42], and 20 L of anaerobic sludge
as an inoculum from the same study. Black water was collected with jerry cans
every two weeks from 32 houses in the Decentralized Sanitation and Reuse (DESAR)
demonstration site in Sneek, the Netherlands [225], and was stored at 4◦C before
feeding to the reactor. A demonstration-scale UASB reactor (2.4 m3) was operated
on the same black water at an HRT of 3.6 days at 35◦C from 2009 on at the DESAR
demonstration site [94].
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Figure 5.1: UASB reactor configuration
5.2.2 Influent, eﬄuent and sludge bed sampling and analyses
Influent and eﬄuent samples (0.5–1 L) were collected from the lab-scale UASB re-
actor once a week (74 samples) and analyzed immediately after collection. Total
phosphorus (TP), total ammonia nitrogen (NH4–N), anions (PO4
3−, Cl−, SO42−,
NO3
− and HCO3−), cations (Ca2+, Mg2+, K+ and Na+), total soluble phosphorus
(TPsoluble), total suspended solids (TSS) and volatile suspended solids (VSS) were
analyzed from the influent and eﬄuent samples according to de Graaff et al. [42].
Total calcium (Catotal) and magnesium (Mgtotal) were analyzed from 3 influent sam-
ples using Ethos 1 Advanced Microwave digestion system of Milestone. Prior to the
analysis, the influent samples were dried at 105◦C overnight and the dried sample
(0.4 g) was then transferred into a special microwave vessel with 10 mL of nitric
acid (68 %). The samples were heated in the microwave at 180◦C for 25 minutes.
The acid digestion was done in duplicate. The digested samples were analyzed with
Inductively Coupled Plasma-Atomic Emission Spectroscopy (ICP-AES) for calcium
and magnesium. Sludge bed samples (0.25–0.5 L) taken from tap 1–4 (Figure 5.1)
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(14 samples each tap) were analyzed for TSS and VSS. Additionally, 3 samples from
each tap were analyzed for TP using the acid digestion and ICP-AES as described
above and for TPsoluble. Excess sludge (1–10 L, 26 samples) was taken from tap 4
when the sludge bed exceeded 75 % of the reactor volume, and was analyzed for TSS
and VSS, and 3 samples for TP and TPsoluble. Particulate phosphorus (Pparticulate)
was calculated as the difference between TP and TPsoluble. Biogas (16 samples) was
analyzed according to de Graaff et al. [42].
5.2.3 Sampling and analysis of granules
The granule formation was first observed on the bottom of the lab-scale UASB reactor
sludge bed after 500 days of operation, and after 750 days in the whole sludge bed.
Sludge samples from the lab-scale reactor used for the following granule analyses
were taken from tap 1 (Figure 5.1) at day 780 and 909. Samples from the demo-
scale UASB reactor were taken only once from tap 1 after 3 years of operation due
to an accidental loss of the reactor sludge bed. The granules were sieved from the
sludge sample (0.5–1 L) with a 315 µm sieve, rinsed with milliQ water and air dried
overnight at room temperature to prevent dehydration of the crystal structure. To
determine the organic content of the granules, 0.2 g of dried granules (105◦C) (done
in triplicate) from the lab-scale reactor were burned at 550◦C and the difference in
the weight was recorded.
Quantitative elemental analysis was done on the granules from both lab- and demo-
scale reactors combining acid destruction and ICP-AES. The dried granule samples
(0.5 g per sample) were acid destructed in 10 mL of nitric and hydrochloric acid
(mixture ratio 1:3) using the microwave digestion system described above. The acid
destruction was done in duplicate only with the lab-scale samples as there was not
enough sample material from the demo-scale reactor. These samples were then ana-
lyzed with ICP-AES for calcium, phosphorus, magnesium, potassium, iron and heavy
metals (zinc, copper, arsenic, cadmium, chromium, mercury, nickel and lead).
Electron microprobe (EMP) analysis was used to determine the spatial distribution
of elements in thin sliced sections of 3 dried granules from both lab- and demo-scale
reactors. Prior to the analysis the thin sliced sections were polished and mounted
in epoxy. The EMP analysis was performed with a JEOL JXA 8800M microprobe
operated at 20kV accelerating voltage and 20 nA probe current using a static focused
beam. The quantitative data was obtained from 1 granule (lab-scale) using standards
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from Jarosewich [81] for the calibration.
Fourier transform infrared spectroscopy (FTIR), Raman spectroscopy and micro
X-ray Diffraction (XRD) was used to analyze precipitated species in the granules
from both lab- and demo-scale reactors. The FTIR and Raman analysis was done
on 3 dried granules per reactor, and the XRD analysis was done on 2 dried granules
from the lab-scale and 1 dried granule from the demo-scale reactor. The Raman
analysis was also done on 1 burned granule (550◦C) from both lab- and demo-scale
reactors, from which calcium carbonate clusters were identified. The granules were
slightly crushed to reveal the inner part prior to the analysis. The FTIR analysis
was performed using Shimadzu 8400S and the Raman analysis was performed with a
high resolution LabRAM from Horiba Jobin Yvon using a 532 nm laser beam and an
Olympus microscope (objective of 50 times). Reference spectra used in the analyses
were taken from the RRUFF library. The XRD analysis was performed using Bruker
D8 operated at 35 kV × 45 mA with a beam diameter of 300 µm.
5.2.4 Phosphorus mass balance calculations
The phosphorus mass balance of the lab-scale UASB reactor was established over the
whole operation period of 988 days according to Eq. (5.1)
Pinfluent = Peffluent + Psludge bed + Pwasted sludge (5.1)
where Pinfluent and Peffluent are the accumulative phosphorus load in influent (black
water) and eﬄuent, respectively (in gP), Psludge bed is the amount of phosphorus
accumulated in the sludge bed (in gP) and Pwasted sludge is the amount of phosphorus
wasted with excess sludge and sludge sampling (in gP).
The amount of phosphorus in the granules in the sludge bed and wasted sludge
was calculated according to Eq. (5.2)
Pgranules(g) = TSSgranules(g/Lsludge) ∗ Vsludge(L) ∗ Pgranules(ICP−AES)(%) (5.2)
where TSS is the solids concentration of the granule samples taken from tap 1–4
(sieved with a 315 µm sieve from the sludge sample), Vsludge is the volume of the
sludge bed (75 % of 50 L reactor) and wasted sludge (including only the time period
when granules were observed), and Pgranules(ICP−AES) is the phosphorus content of
95
Calcium phosphate granulation in anaerobic treatment of black water
the granules obtained from the quantitative elemental analysis (ICP-AES).
The amount of phosphorus incorporated in the biomass in sludge bed and wasted
sludge was calculated with a typical phosphorus content of bacteria cells of 20 mgP/g
dry weight [181].
The total amount of phosphorus recovered with the granules (gP/person/year) was
determined using a UASB reactor capacity of 0.95 person according to the average
black water loading of the reactor of 5.7 L/d and the black water production of 6
L/person/d [225].
5.2.5 Saturation index calculations
Saturation Index (SI) calculations for calcite (as an indicator for calcium carbonate
precipitation), HAp (as an indicator for calcium phosphate precipitation) and struvite
in tap water and black water were performed with the OLI Stream Analyzer (version
3.1, [137]). Saturation index was defined according to Eq. (5.3)
SI =
IAP
Ksp
(5.3)
where IAP is the ion activity product and Ksp is the solubility product of the precip-
itate phase. The solution is considered to be unsaturated when the SI is below zero,
at saturation when zero, and supersaturated when the SI is above zero.
5.3 Results
5.3.1 Granule structure and elemental composition (ICP-AES and
EMP)
Granule formation was observed in the flocculent sludge bed of the lab-scale black
water UASB reactor after 500 days of operation (Figure 5.2 a). The dried granules
have a diameter of 1–2 mm (Figure 5.2 b) and a white inorganic core of a similar
diameter after burning away the organic content at 550◦C (Figure 5.2 c). The average
organic content of the granules is 33 wt% (s.d. 1.5) and is located mainly in the outer
layer of the granules. Same type of granules are also found in the demo-scale UASB
reactor at the DESAR demonstration site. The exact onset time of the granule
formation in the demo-scale reactor is not known.
96
Results
Figure 5.2: Granule formation in the black water UASB reactor (a) dried granule (b) and
inorganic core of a granule (burned at 550◦C) (c)
Table 5.1 presents the quantitatively analyzed elemental composition of the whole
granules (ICP-AES) from both lab- and demo-scale reactors, and of different areas
within a thin sliced section of a granule (EMP) from the lab-scale reactor. The relative
standard deviation (%RSD) of the duplicates in the acid destruction and ICP-AES
analysis is within 5 %. The prominent elements in the whole granules are calcium
(21–22 wt%) and phosphorus (11–13 wt%), with traces of magnesium (0.3 wt%) and
potassium (0.05–0.06 wt%). The molar Ca/P ratio of the whole granules from the lab-
scale (1.58) is similar to the theoretical ratio of ACP (1.5) [32], while the ratio of the
granules from the demo-scale (1.25) is similar to the theoretical ratio of octacalcium
phosphate (OCP) (1.3) (Ca8(HPO4)2(PO4)4*5H2O) that is an intermediate phase
in the development of HAp [48]. Precipitation of struvite or potassium ammonium
phosphate in the granules is not expected due to the low measured magnesium and
potassium concentrations.
Table 5.1: Quantitative elemental composition of granules (ICP-AES and EMP)
ICP-AES EMP
Element Unit whole granule thin sliced section (lab-scale)
(lab-scale) (demo-scale) area (A) area (B)
Ca wt% 22 21 11 11
P wt% 11 13 4.7 4.7
Mg wt% 0.3 0.3 0.3 0.4
K wt% 0.05 0.06 0.01 0.02
molar
Ca/P 1.58 1.25 1.81 1.81
ratio
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The quantitatively analyzed areas within the thin sliced section of the granule are
presented in Figure 5.3. The area (A) is specified as the general matrix of the inner
part of the granule with prominent elements being calcium (11 wt%) and phosphorus
(4.7 wt%), and with traces of magnesium (0.3 wt%) and potassium (0.01 wt%).
The molar Ca/P ratio of 1.81 is higher compared to the ratios attained with the
ICP-AES analysis and to the theoretical ratio of HAp (1.67), and could originate
from local small calcium carbonate (CaCO3) clusters within the calcium phosphate
matrix. Another explanation for the higher Ca/P ratio could be presence of calcium
deficient carbonated HAp (Ca10(PO4)3(CO3)3(OH)2) with a theoretical Ca/P ratio
of 3.33. The area (B) is specified as part of a biopolymer spiral structure inside
the granule with calcium phosphate and calcium carbonate clusters attached to it
(molar Ca/P ratio of 1.81). Other elements, such as sulfur, sodium, silica, aluminum,
manganese, iron and heavy metals were below 1 wt% in both ICP-AES and EMP
analysis. However, randomly distributed micro-clusters of sodium, silica, aluminum,
iron and heavy metals, such as copper, zinc, chromium and nickel, were detected in
the thin sliced sections of the granules with the EMP analysis. Heavy metals and
iron are further quantified under the sub-chapter 5.3.4.
Figure 5.3: Thin sliced section of a granule from the lab-scale reactor with quantitatively
analyzed areas
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Figure 5.4 demonstrates the distribution of calcium and phosphorus over the thin
sliced sections of granules from both lab- and demo-scale reactors. Evenly distributed
calcium and phosphorus over the granule sections suggest a homogenous calcium
phosphate matrix. Separate small clusters of calcium carbonate within the calcium
phosphate matrix are determined by high local calcium levels and absence of phos-
phorus (red indicates high and blue indicates low concentration). The predominance
of calcium carbonate over dolomite (CaMg(CO3)2) is verified by absence of magne-
sium in these clusters of high calcium levels (images not shown). Similar calcium
carbonate clusters within the calcium phosphate matrix are also identified in Raman
analysis (see sub-chapter 5.4.2). The elemental mapping images further reveal an
edge with low levels of calcium and phosphorus, confirming an organic outer layer
that contributes to the organic content of the granules.
Figure 5.4: Elemental mapping of calcium (a & c), and phosphorus (b & d) in thin sliced
sections of the granules from lab- (a & b) and demo-scale (c & d) reactors
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5.3.2 Precipitated species in granules (FTIR, Raman and XRD)
Figure 5.5 presents the XRD pattern of one of the unheated granules from the lab-scale
reactor where three possible calcium phosphate phases are distinguished; HAp, cal-
cium phosphate hydrate (Ca3(PO4)2*H2O) and carbonated HAp. The same phases
are identified in the granules from both lab- and demo-scale reactors. These calcium
phosphate phases are in accordance with the ICP-AES data suggesting presence of
ACP or calcium phosphate hydrate with the same molar Ca/P ratio (1.5) and OCP
that readily transforms into HAp, and with the EMP data suggesting presence of
carbonated HAp that contributes to the higher molar Ca/P ratios.
00-019-0272 (N) - Carbonatehydroxylapatite, syn - Ca10(PO4)3(CO3)3(OH)2 - P63/m (176)
00-018-0303 (N) - Calcium Phosphate Hydrate - Ca3(PO4)2·xH2O - 
01-086-0740 (C) - Hydroxylapatite - Ca5(PO4)3(OH) - P63/m (176)
Y + 8.0 mm - File: Wetsus_Taina_02NOV12_b_06 [001].raw
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Figure 5.5: XRD pattern of a granule from the lab-scale reactor
Figure 5.6 presents the Raman spectra of the unheated granules from both lab- and
demo-scale reactors and the reference spectra of HAp. Similar to the XRD pattern,
the Raman spectra indicates presence of calcium phosphate hydrate in the granules
with the PO4 v1 band located at around 950 cm
−1, 10 cm−1 lower than that of HAp
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[32]. The PO4 v1 band varies in the range 945–948 cm
−1 with the granules from
the lab-scale reactor and in the range 947–958 cm−1 with the demo-scale reactor, the
highest band being close to the one of HAp (960 cm−1). The higher temperature in the
demo-scale reactor (35◦C) might enhance the transformation of calcium phosphate
hydrate into more stable HAp [19]. The reactor temperature therefore appears to be
an important parameter defining the crystallinity of the produced calcium phosphate
granules.
Figure 5.6: Raman spectra of the granules from lab- and demo-scale reactors and the ref-
erence spectra of HAp
Figure 5.7 presents the FTIR spectra of the unheated granules from both lab-
and demo-scale reactors and the reference spectra of HAp. In the spectra of the
granules the PO4 v1 band is located at 960 cm
−1 and the PO4 v3 band at 1010 cm−1,
distinctive to the spectra of HAp. However, the broad bands at around 3300 cm−1
refer to presence of H2O in the crystal structure [4], and thus to a poorly crystalline
101
Calcium phosphate granulation in anaerobic treatment of black water
calcium phosphate, such as calcium phosphate hydrate, also identified in the XRD
pattern and the Raman spectra. The presence of carbonate in the granules can be
related to the peaks at 870 cm−1 [4] and 1300–1650 cm−1 [148]. The two peaks at
1230 cm−1 and 1260 cm−1 are distinctive to zinc, copper and organometallics, and
can be explained by the presence of organics in the outer layer of the granules and
wide variety of metals detected in the ICP-AES and EMP analysis.
Figure 5.7: FTIR spectra of the granules from lab- and demo-scale reactors and the refer-
ence spectra of HAp
5.3.3 Phosphorus mass balance
The phosphorus mass balance of the UASB reactor is determined over the whole
operation period of 988 days. From the incoming phosphorus (1006 gP from which
2 % is inoculum) 49 % (489 gP) remains in the eﬄuent, 20 % (200 gP) is wasted as
excess sludge and sludge sampling, and 6 % (60 gP) is retained in the sludge bed. The
granules represent 16 % (9.6 gP) of the phosphorus retained in the sludge bed and 5 %
(9.4 gP) of the phosphorus in the wasted sludge. According to the phosphorus mass
balance, the amount of phosphorus recovered with the granules is 7 gP/person/year,
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representing 2 % of the incoming phosphorus. However, the mass balance is not fully
closed as 26 % (258 gP) of the incoming phosphorus is missing. The possible sources
for the missing phosphorus are large amount of phosphate precipitate on top of the
reactor in the solid-liquid-gas separator, and settling of the granules on the bottom
of the reactor below the first sludge bed sampling point (Tap 1 in Figure 5.1).
Figure 5.8 presents the fractionation of particulate phosphorus between the gran-
ules, biomass and inorganic particles (≤315 µm) in the sludge bed. The largest
fraction of phosphorus in the granules is in the bottom part of the sludge bed (Tap
1) and the smallest fraction is in the top part of the sludge bed (Tap 4), indicating
settling of the granules on the bottom of the reactor, and could therefore hold a
large portion of the missing phosphorus. The fraction of particulate phosphorus not
included in the granules and biomass is considered to consist of inorganic particles
(≤315 µm), and this fraction accounts for 23 % of the particulate phosphorus in the
sludge bed. By accounting these small inorganic particles as the initial state of the
granules, the total amount of phosphorus recovered with the granules would increase
to 12 gP/person/year, representing 3 % of the incoming phosphorus.
Figure 5.8: Fractionation of particulate phosphorus between the granules, biomass and
inorganic particles (≤315 µm) in the sludge bed of the UASB reactor
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5.3.4 Calcium phosphate granules as candidate phosphorus
product
Table 5.2 presents the phosphate, iron and heavy metal content of the calcium phos-
phate granules, other phosphorus recovery products, phosphate rock, a common phos-
phorus fertilizer Triple Superphosphate (TSP), and the requirements for phosphorus
industry. The %RSD of the duplicates in the acid destruction and ICP-AES analysis
is within 5 %. The calcium phosphate granules have a comparable or higher phos-
phate content compared to the other phosphorus recovery products, phosphate rock
and TSP. The granules from both lab- and demo-scale reactors and the Crystalactor
pellets are in accordance with the requirements for phosphorus industry, leaving out
the sewage sludge ash with too high iron, zinc and copper concentrations. Due to the
source-separation of black water from the sewage and industrial eﬄuents, the gran-
ules from both reactors have lower concentrations of iron, zinc, arsenic and cadmium
than the Crystalactor pellets originating from a side stream of the sewage sludge
treatment. However, the copper concentration in the granules is higher than in other
products and the origin of copper in black water needs to be further determined. Nev-
ertheless, the calcium phosphate granules have lower concentrations of zinc, arsenic,
cadmium, chromium and nickel, and comparable concentrations of mercury and lead
to phosphate rock and TSP, and could be considered as a new phosphorus product.
In addition, unlike the use of artificial fertilizers, no radioactive by-products are in-
volved in the use of calcium phosphate granules. However, as the organic content
of the raw material is one of the limiting parameters for phosphorus industry [51], a
pre-treatment step to remove the organic outer layer of the granules might be needed.
Further investigations should also be done on the bioavailability of the granules to
evaluate their value as a fertilizer product.
104
Results
T
a
b
le
5
.2
:
P
h
o
sp
h
a
te
,
ir
o
n
a
n
d
h
ea
v
y
m
et
a
l
co
n
te
n
t
o
f
ca
lc
iu
m
p
h
o
sp
h
a
te
g
ra
n
u
le
s,
o
th
er
p
h
o
sp
h
o
ru
s
re
co
v
er
y
p
ro
d
u
ct
s,
p
h
o
sp
h
a
te
ro
ck
,
T
ri
p
le
S
u
p
er
p
h
o
sp
h
a
te
,
a
n
d
re
q
u
ir
em
en
ts
fo
r
p
h
o
sp
h
o
ru
s
in
d
u
st
ry
P
ar
am
et
er
U
n
it
P
g
ra
n
u
le
s
P
g
ra
n
u
le
s
P
p
el
le
ts
S
ew
a
g
e
P
P
T
S
P
3
(l
a
b
-s
ca
le
)
(d
em
o
-s
ca
le
)
C
ry
st
a
la
ct
o
r1
sl
u
d
g
e
a
sh
2
in
d
u
st
ry
2
ro
ck
3
P
2
O
5
w
t%
3
5
3
9
2
6
3
6
≥2
5
4
0
4
6
F
e
g/
k
g
D
W
-
2
2
5
4
4
≤4
0
-
-
P
2
O
5
Z
n
m
g/
k
g
D
W
-
4
3
0
8
1
2
1
1
9
2
8
6
1
1
≤4
0
0
0
1
1
2
0
7
7
0
C
u
P
2
O
5
1
4
3
1
8
2
6
5
4
1
6
7
≤2
0
0
0
8
0
3
3
A
s
4
.3
4
8
-
-
2
5
1
3
C
d
4
.7
3
2
3
-
-
6
4
6
2
C
r
3
2
9
3
3
1
-
-
3
8
0
4
9
8
H
g
0
.0
6
0
.0
5
-
-
-
0
.0
8
0
.0
4
N
i
2
9
5
6
3
1
-
-
9
3
4
6
P
b
2
3
1
7
-
-
-
1
0
3
3
(1
)
D
ri
ve
r
et
al
.
[5
1
]
(2
)
S
ch
ip
p
er
et
al
.
[1
5
9
]
(3
)
D
it
tr
ic
h
an
d
K
lo
se
[4
6
]
-
n
ot
d
et
er
m
in
ed
105
Calcium phosphate granulation in anaerobic treatment of black water
5.4 Discussion
5.4.1 Chemical composition and mineralogy of granules
According to quantitative analysis, the main elements in the granules are calcium and
phosphorus. Direct spectral analyses present three different calcium phosphate phases
precipitating in the granules: HAp, calcium phosphate hydrate and carbonated HAp.
Within the calcium phosphate matrix, several small calcium carbonate clusters are
revealed by elemental mapping and Raman analysis. To retain the purity of calcium
phosphate, a minimum amount of carbonate is desired in the granules. The low
calculated carbonate content of 1.3–4.9 wt% in the granules is based on stoichiometry
of two scenarios: carbonate originates solely from the calcium carbonate clusters
within ACP/HAp matrix, or from the carbonated HAp. The exact carbonate content
of the granules need to be further experimentally determined.
5.4.2 Initiation of calcium phosphate precipitation in black water
UASB reactor
Supersaturation of HAp in black water was recorded in the study of de Graaff [41],
but no formation of calcium phosphate granules was observed using a UASB reactor
operated for a period of 951 days under exactly the same conditions as in the present
study. Following hypotheses on the combined effect on the initiation of calcium
phosphate precipitation in the UASB reactor are formulated:
1. Changes in the chemical composition of tap water used for toilet flushing and
black water increase the supersaturation state of mineral species and lead to
formation of seed crystals
2. Biofilm surrounding the granules in the UASB reactor creates a micro-environment
that controls the diffusion of ions and elevates the pH locally, inducing the pre-
cipitation of calcium phosphate in the granules
Table 5.3 presents the tap water and black water compositions in this study and
in the study of de Graaff et al. [42] used for the SI calculations, and the SI of HAp,
calcite and struvite calculated with the OLI Stream Analyzer. The increased bicar-
bonate and free calcium concentrations in tap water in 2011 compared to 2010 slightly
increase the SI for calcite, and could have led to formation of calcium carbonate seed
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crystals. This assumption is supported by the elemental mapping and Raman anal-
ysis of the granules that reveal several small clusters of calcium carbonate within
the calcium phosphate matrix (Figure 5.9 and 5.10). The presence of seed crystals
catalyze the precipitation of calcium phosphate by reducing the energy barrier for
the nucleation process [169]. In black water the decreased bicarbonate concentration
and the increased free calcium concentration in this study compared to the study of
de Graaff et al. [42] create favorable conditions for precipitation of calcium phosphate.
Although the SI of calcite and struvite also increases slightly, the significantly higher
SI of HAp indicates the predominance of calcium phosphate precipitation in black
water. Furthermore, phosphate at soluble inorganic phosphorus concentration ≥1.5
mg/L (49 mg/L in this study) is known to obstruct the growth of calcite and to form
a separate calcium phosphate phase [145]. These changes in tap water and black
water coincide with the installation of an ion exchanger as an additional treatment
step to remove soil organic acids from tap water in the drinking water treatment
facility supplying water to the toilets producing black water in the DESAR demon-
stration site in 2010. Soil organic acids, such as humic and fulvic acids, inhibit the
precipitation of mineral species in two ways; decreasing the solution supersaturation
by binding free ions and decreasing the precipitation kinetics by adsorbing onto the
crystal growth sites [4, 110]. The changes in the tap water and black water com-
positions seem to therefore enhance the precipitation of calcium phosphate not only
thermodynamically, but also kinetically.
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Table 5.3: Tap water and black water compositions, and SI of HAp, calcite and struvite
Tap Tap Black s.d. Black s.d.
Parameter Unit water water water2 water
20101 20111 (This study)
T ◦C 11.5 11.5 25 25
pH 8.25 8.23 8.7 8.1
HCO3
− mg/L 281 292 5612 2791 3628 1129
NH4
+ mg/L nd nd 1414 193 1157 154
PO4
3− mg/L nd nd 204 54 149 28
Ca2+ mg/L 31 38 39 18 62 7.4
Mg2+ mg/L 11 10 4 4.9 15 6.7
K+ mg/L 2 2 424 87 287 30
Na+ mg/L 84 79 604 134 426 34
Cl− mg/L 29 30 695 138 506 95
SO4
2− mg/L 2 2 157 42 55 35
NO3
− mg/L 13 12 26 24 0.7 1.5
SI
HAp - - 2.1*108 1.9*109
Calcite 0.54 0.63 17 21
Struvite - - 0.4 1.2
(1) Vitens [210]
(2) de Graaff et al. [42]
s.d. = standard deviation
nd = not determined
- undersaturation
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Figure 5.9: Raman picture of a calcium carbonate cluster within the calcium phosphate
matrix of a lab-scale granule
Figure 5.10: Raman spectra of the calcium carbonate clusters and the reference spectra of
calcite
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Carbonate and magnesium, abundantly present in black water, are known to in-
hibit the precipitation of calcium phosphate by competing for the active growth sites
on the crystal lattice with phosphate and calcium ions, respectively [120]. However,
calcium phosphate is found to be the dominant species in the granules with low levels
of carbonate (1.3–4.9 wt%) (calculated) and magnesium (0.3–0.4 wt%). Although the
solubility product of calcium phosphate (1.0*10−36) is significantly lower compared to
calcite (3.8*10−9) and struvite (2.5*10−13), the precipitation of calcite and struvite
could be kinetically more favorable. An explanation for the predominance of calcium
phosphate could be the biofilm around the granules (Figure 5.2 and 5.4) creating a
micro-environment in which the diffusion of ions is controlled and a local pH gradient
is formed due to conversion of acetate (pK a 4.76) into carbonate (pK a 6.37). Beside
enriching phosphate at elevated pH, the long retention times provided by the biofilm
around the granules could support the growth of calcium phosphate precipitate into
mature granules. In addition, regardless of the inhibitory nature of carbonate and
magnesium, the coexistence of these ions eliminates the individual inhibitory effect
due to formation of magnesium carbonate (MgCO3), and thus reduction in free car-
bonate and magnesium activities [26]. The formation of magnesium carbonate in this
study could be related to the decrease in pH and bicarbonate concentration, and the
increase in the solid fraction of magnesium in black water. In the ongoing research
the biotic and a-biotic factors affecting calcium phosphate granule formation in the
black water UASB reactor are investigated.
5.4.3 Simultaneous phosphorus and energy recovery from black
water
Without any addition of chemicals, phosphorus can be recovered 7 gP/person/year as
calcium phosphate granules from the black water UASB reactor. As it represents only
2 % of the incoming phosphorus, additional recovery of phosphorus from the eﬄuent
is recommended to improve the recovery ratio and eﬄuent quality. For the recovery
of calcium phosphate granules to be a realistic alternative for the struvite recovery,
the possible optimization of this process by addition of calcium is investigated in the
ongoing research.
Simultaneously with phosphorus recovery, methane is recovered 1.7 m3 CH4/m
3
black water, comparable to the amount of methane recovered in the study of de Graaff
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et al. [42] (1.8 m3 CH4/m
3 black water). As the biomass concentration in the reactor
increases from 19 to 29 gVSS/Lreactor, a higher loading can be applied to further
save energy in the reactor configuration. The increased biomass retention can be
explained by attachment of microbial aggregates on an inert carrier material, such as
mineral particles, and further formation of dense granular sludge [79].
The present study shows that phosphorus and energy can be simultaneously re-
covered in the anaerobic treatment of black water. Further research is required to
determine a practical application to separate the calcium phosphate granules from
the reactor sludge bed without interfering the digestion process of black water.
5.5 Conclusions
For the first time, calcium phosphate granules were observed in the UASB reactor
operated on black water at both lab-and demo-scale, and were analyzed for chemical
composition and mineralogy.
• The dried granules had a diameter of 1–2 mm, organic content of 33 wt%, and
phosphorus content of 11–13 wt%.
• According to direct spectral analysis the prominent precipitated species in the
granules were calcium phosphate hydrate, HAp and carbonated HAp.
• Without any addition of chemicals, 7 gP/person/year was recovered with the
calcium phosphate granules, representing 2% of the incoming phosphorus in the
UASB reactor.
• The calcium phosphate granules had a lower heavy metal content compared to
other phosphorus recovery products, phosphate rock and phosphorus fertilizer,
and could be considered as a new phosphorus product.
This study advances a new approach to phosphorus recovery in which calcium
phosphate is simultaneously recovered with energy from black water. In the ongoing
research the biotic and a–biotic factors affecting calcium phosphate granule formation
in the black water UASB reactor are investigated.
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Chapter 6
Concluding discussion
6.1 Organic fertilizer recovery
6.1.1 Closing the soil/food heavy metal cycle
In order to close the soil/food heavy metal cycle, external input of heavy metals to
agriculture should be limited. As presented in Chapter 3, feces and urine are the
main contributors to the heavy metal loading of vacuum collected black water, while
most of the heavy metals in sewage originate from industrial eﬄuents, surface run-
offs and tap water. Since heavy metals in feces and urine primarily originate from
food products, soil application of black water sludge should be practised to close the
soil/food heavy metal cycle. To distinguish black water from sewage in sludge reuse
regulation, a control parameter should be established, such as the Hg and Pb content
that is significantly higher in sewage sludge compared to black water sludge (from
50- to 200-fold). In addition, livestock manure and artificial fertilizers should also be
included in the heavy metal regulation. The level of heavy metals and micropollutants
in manure is higher compared to feces and urine [220], and further efforts should be
made to decrease the input of heavy metals and micropollutants to livestock feed.
The Cd content is significantly lower in black water sludge compared to the average
levels in phosphate fertilizers within Europe [135], and the heavy metal content of
phosphate rock used for artificial fertilizer production should be therefore controlled.
Co-digestion of different biosolids and waste streams is a common practise to in-
crease energy recovery [121]. When treating a mixture of different waste streams,
attention should be also given to the quality of excess sludge in terms of heavy
metals and other pollutants, to ensure soil application of the sludge. Addition of
kitchen refuse to anaerobic treatment of black water improves methane production
[115]. However, the elevated heavy metal content of kitchen refuse, in particular Cd,
Cu, Pb and Zn [204], might deteriorate the excess sludge quality, and further hinder
the soil application of black water sludge. Nevertheless, the heavy metal content of
kitchen refuse is also directly linked to the soil/food cycle, and therefore influenced by
the application of manure and artificial fertilizers in agriculture. From this viewpoint,
the soil application of black water sludge could reduce the amount of heavy metals
in the soil/food cycle, and subsequently reduce the heavy metal content of kitchen
refuse.
To further improve energy recovery within source-separated sanitation concepts,
the organic matter present in grey water can be utilized in an integrated treatment
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system combining anaerobic treatment of grey water sludge with black water. Chapter
4 demonstrated increased methane production in the UASB reactor operated on the
mixture of grey water sludge and black water by introducing an additional organic
fraction, and by increasing the methanization. However, grey water sludge introduced
more heavy metals in the excess sludge, and might therefore hinder its soil application.
To eliminate external heavy metal sources, such as household chemicals from black
water, it is therefore not recommended to mix it with grey water. Closing of the
organic carbon cycle should be given priority over energy recovery, also stated in the
European Waste Directive [54]. Micropollutants, such as personal care and household
products primarily present in grey water [73], are of emerging concern in the urban
water cycle, and separate treatment of grey water sludge should be established to
meet the evolving sludge reuse regulation on micropollutants [87]. To continue the
work of de Graaff et al. (2011) [44], further research is also required to address the
issue of micropollutants, such as pharmaceuticals and hormones in black water.
6.1.2 Black water sludge reuse – disinfection and soil application
Hygiene is one of the most important aspects of sanitation systems. Centralized
sanitation systems have approached the problem via transport and dilution, yet fail
to ultimately protect human health from pathogenic organisms introduced via sewage
leakages, overflows and contaminated water sources [174]. The significantly lower
volume of vacuum collected black water compared to sewage (50–fold as presented
in Chapter 2) might benefit the disinfection of this stream. To further disinfect
black water sludge after anaerobic treatment, several treatment technologies used for
human excreta can be applied, such as storing, dehydration and composting [160,
209, 134]. Composting of black water sludge, however, requires an additional carbon
source, and it could be implemented as co-composting with locally available garden
waste. Alternatively, hyper-thermophilic treatment at 70◦C can be used to pasteurize
black water [114], and can be energy efficiently applied using vacuum collection with
minimum amount of flushing water [224].
Important part of introducing new fertilizer products to farmers is the possibility
of using existing equipment for spreading the product on agricultural soil. Similar
to handling of human excreta [84], disinfected black water sludge can be spread on
agricultural soil with the existing system for livestock manure and slurry, provided
that the water content is low enough. Emissions originating from the use of organic
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fertilizers are often connected to the risk of eutrophication and acidification. However,
the use of human excreta as organic fertilizer involves less greenhouse gases than the
complete life cycle of artificial fertilizers [172]. Furthermore, anaerobically treated
black water involves less emission compared to raw waste due to the use of stabilized
sludge.
In order to attain successful reuse of black water sludge in agriculture, accep-
tance from both farmers and consumers are of importance. Concerns about source-
separation and the use of treated toilet waste in agriculture are mostly connected to
the efforts required for maintenance of the toilet, wastewater collection and transport,
and the safety of the new fertilizer product [109]. Cooperation between the different
stakeholder groups of building companies, agricultural sector, water boards, and the
government is needed to support the integration between the social and technological
aspects of source-separation and new fertilizer products [100]. More and more en-
vironmental awareness and interest towards ”self-sufficient living” is taking place in
a modern, urbanized society with people yearning for connection with nature. Pop-
ular books, such as Humanure by Jenkins (2005) [82] on do-it-yourself composting
of human excreta, and The Big Necessity by George (2008) [62] on a new perspec-
tive on human waste, are reflections of the new mindset on returning back to the
fundamentals of life.
6.2 Phosphate recovery
6.2.1 High quality phosphate product
Recovery of struvite over calcium phosphate is often practised due to more favorable
precipitation conditions, such as wider pH range and molar Mg/Ca ratio, slow nucle-
ation kinetics resulting in growth of larger particles with improved settling character-
istics, and a higher phosphate removal efficiency [132]. Opposed to this, precipitation
of high purity calcium phosphate requires an Mg/Ca ratio of ≤0.1, and the fast nucle-
ation kinetics result in precipitation of fines, leading to problematic separation from
the supernatant. However, as presented in Chapter 5, calcium phosphate can also
be recovered as granules at an Mg/Ca ratio of 0.4 and with a high purity of ≥95%,
in contrast to the study of Muster et al. (2013) [132]. The occurrence of high purity
calcium phosphate granules instead of fines can be attributed to the simultaneous
116
Phosphate recovery
influence of chemical, physical and biological factors in the sludge bed of the upflow
anaerobic sludge blanket (UASB) reactor operated on vacuum collected black water.
Water solubility of the phosphate product, representing the bioavailability of phos-
phate to plants, is an important characteristic whether the product will be used
directly as a fertilizer or as raw material in fertilizer industry. To turn phosphate
rock into a water soluble phosphate fertilizer, such as Triple Super Phosphate (TSP),
addition of phosphoric acid is required. Therefore, the higher the water solubility of
the phosphate product, the less chemicals are needed to produce a fertilizer product.
The calcium phosphate granules presented in Chapter 5 have a high porosity, and
are partly composed of hydrated calcium phosphate, indicating high water solubility.
However, further experiments are required to determine the water solubility of the
granules, and compare it to other phosphate recovery products and phosphate rock.
6.2.2 Optimizing calcium phosphate granulation
The goal of optimal phosphate recovery is production of high purity product in an
energy efficient reactor configuration with a minimum addition of chemicals. The
formation of high purity calcium phosphate granules in the anaerobic treatment of
black water is influenced by thermodynamical parameters, such as sufficient ion con-
centration and pH, and physical parameters, such as long retention time and possible
presence of seed crystals. However, as discussed before, in purely chemical/physical
processes calcium phosphate precipitates as fines, and therefore, the biological factors
play a key role in the granulation process. In this process, biofilm is formed around
the granules, creating a micro-environment inside the granules. According to the
hypothesis, pH is increased locally in the micro-environment as a result of bacterial
metabolism, creating more favorable conditions for calcium phosphate precipitation
compared to supernatant in the sludge bed. Furthermore, the biofilm controls the
diffusion of ions, and the decay of organic molecules containing phosphate enhance
the concentration of phosphate inside the granules. The sludge concentration is in-
creased due to granulation, increasing the sludge retention time (SRT) in the UASB
reactor, and further enhancing the growth of calcium phosphate granules.
In the process presented in this thesis, phosphate is recovered in the sludge bed
of the UASB reactor, and no separate treatment unit is required. In this way, both
energy and phosphate can be simultaneously recovered in one anaerobic reactor. In
most of the calcium phosphate recovery processes, the co-precipitation of calcium
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carbonate is minimized by addition of either acid or base to control the carbonate
content and pH. However, when the ion concentration and pH are controlled by
a biofilm, no additional chemicals are needed to guarantee the purity of produced
calcium phosphate granules.
To increase the phosphate recovery rate in the UASB reactor, different chemical,
physical and biological factors can be optimized. A small amount of additional cal-
cium can be dosed to increase the supersaturation of calcium phosphate. To increase
the retention time, recirculation of the granular sludge can be applied. Addition
of seed material, such as calcite beads, can be used to enhance calcium phosphate
precipitation by lowering the nucleation energy. These chemical and physical factors
can be integrated in a fluidized bed reactor (FBR), where the granulation process is
optimized due to better distribution of seed material and additional calcium [166].
This process promotes a better supersaturation profile, aggregation of particles, and
separation of granules based on their size. In terms of biological factors, selective use
of micro-organisms, such as acetate converting methanogens, can increase the calcium
phosphate granulation by enhanced metabolic activity.
6.3 Proposed sanitation concept and future research
Based on the information gathered in this thesis, a sanitation concept is proposed
for recovery of organic fertilizer, phosphate, energy and water from black and grey
water (Figure 6.1). Emphasis is laid on the improved recovery of organic fertilizer
and phosphate from black water.
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Figure 6.1: Proposed sanitation concept with recovery of organic fertilizer, phosphate, en-
ergy and water from black and grey water (UASB = upflow anaerobic sludge blanket, A-
TRAP = A-stage of the AB-process, SBR = sequencing batch reactor, TF = trickling filter)
Black water The excess sludge from the UASB reactor operated on black water can
be used as organic fertilizer after appropriate post-treatment to further disin-
fect the sludge. In this way the carbon cycle can be closed between households
and agriculture. Calcium phosphate granules produced in the sludge bed of
the UASB reactor represent an alternative approach to phosphate recovery.
Further research is needed to render all of the phosphate in black water as pure
calcium phosphate granules. The eﬄuent from the UASB reactor can be dis-
charged after appropriate post-treatment to remove the nitrogen and remaining
organic matter. Energy can be recovered as methane from the UASB reactor,
and addition of kitchen refuse can be used to increase the methane production,
provided that the level of heavy metals in the sludge is not increased. Further
research should also investigate the influence of kitchen refuse addition on the
calcium phosphate granulation process in the sludge bed. By decreasing the
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flushing volume for the vacuum collection of black water from 6 to 1.5 L/cap/d,
the energy consumption of black water treatment can be decreased by 35–55%,
as presented in Chapter 2. Furthermore, lower flushing volume decreases the
heavy metal loading from tap water, in particular As, Cu and Pb (Chapter 3),
and the 75% reduction in the flushing volume decreases the heavy metal loading
of black water by 39% for As, 23% for Cu and 21% for Pb. Also, the lower the
dilution, the more phosphate is retained in the sludge bed of the UASB reactor
[43], possibly improving the calcium phosphate granulation process. Further
investigations should be done on the practical implications of lower flushing
volume of black water vacuum collection.
Grey water Two different treatment options are recommended for grey water. To
utilize the energy potential, grey water can be bioflocculated in an A-trap,
and the produced sludge can be digested for methane production. To ensure
the purity of black water sludge, grey water sludge should be treated in a
separate anaerobic digestion unit. However, this increases the complexity of the
treatment concept, and further investigations should be done on the practical
and economical feasibility of two separate digestion units. Alternatively, grey
water can be treated in a SBR producing stabilized sludge at lower quantities.
This system, however, requires higher aeration energy without the recovery of
methane compared to the combination of A-trap and anaerobic digestion. In
terms of water recovery, the use of a SBR is more beneficial as the eﬄuent
can be reused according to the standards for unrestricted urban reuse after
post-treatment with a trickling filter (TF) (Chapter 2).
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Source-separation and on-site treatment of domestic wastewater presents a great po-
tential for resource recovery. In this thesis the integration of treatment systems for
black and grey water was investigated to improve resource recovery within source-
separated sanitation concepts, with a special focus on phosphate and organic fertilizer
recovery from vacuum collected black water. Chapter 1 describes the current state
of agricultural soil in terms of declining soil fertility, and the problems related to
the use of artificial phosphate fertilizers. The organic matter content of soil is a key
factor determining its nutrient-holding capacity, and the supply of both organic and
mineral nutrients is therefore essential to sustain food production. A major portion
of the nutrients leaving agriculture is in the food products, and human excreta con-
tribute a significant fraction of the nitrogen and phosphorus flows in society. By
source-separation of black water, external input of heavy metals, such as industrial
eﬄuents, surface run-offs and grey water can be eliminated, and organic carbon and
nutrients returned back to the soil/food cycle, reducing the need for artificial fertiliz-
ers. Phosphate fertilizers are predominantly sourced from phosphate rock – a resource
that is declining in both quantity and quality. Phosphate recovery locally from waste
streams is therefore a prerequisite for global food security and sustainability. Black
water/feces and urine with lower levels of heavy metals and micropollutants compared
to sewage and manure are ideal sources for phosphate recovery.
Optimal resource recovery is dependent on the selection of existing treatment pro-
cesses and the local environmental conditions. The integration of different treatment
processes at different levels of source-separation for energy, water and nutrient recov-
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ery was investigated in Chapter 2 using a mass and energy balance-based model.
The model was constructed from literature data to compare energy and water bal-
ance, nutrient recovery, chemical use, eﬄuent quality and land area requirement in 4
different sanitation concepts: (1) centralized; (2) centralized with source-separation
of urine; (3) source-separation of black water, kitchen refuse and grey water; and (4)
source-separation of urine, feces, kitchen refuse and grey water. The highest primary
energy consumption of 914 MJ/cap/year was attained within the centralized sanita-
tion concept, and the lowest primary energy consumption of 437 MJ/cap/year was
attained within source-separation of urine, feces, kitchen refuse and grey water. Grey
water bioflocculation and subsequent grey water sludge co-digestion decreased the
primary energy consumption, but was not energetically favorable to couple with grey
water eﬄuent reuse. Source-separation of urine improved the energy balance, nutrient
recovery and eﬄuent quality, but required larger land area and higher chemical use
in the centralized concept. By lowering the flushing volume from 6 to 1.5 L/cap/d for
vacuum collection of black water, the energy consumption of black water treatment
can be decreased by 35–55%, resulting in the lowest primary energy consumption of
156 MJ/cap/year from all the sanitation concepts.
Heavy metal content of sewage sludge is currently the most significant factor lim-
iting its reuse in agriculture within the European Union. In the Netherlands most of
the produced sewage sludge is incinerated, mineralizing the organic carbon into the
atmosphere rather than returning it back to the soil. Source-separation and vacuum
collection of black water excludes external heavy metal inputs, such as industrial ef-
fluents, surface run-offs, grey water and tap water, and is therefore a more favorable
source for resource recovery. However, the soil application of black water sludge is
prohibited in the Netherlands due to elevated Cu and Zn concentrations. In Chap-
ter 3 a full heavy metal mass balance of black water was drawn based on literature
data with additional control samples analyzed within this study. The contribution
of different black water components to the total heavy metal loading of black water
was determined, and the primary origin of heavy metals in the black water compo-
nents was investigated. The results from this study showed that feces is the main
contributor to the heavy metal loading in vacuum collected black water (52%–84%),
while in sewage the contribution of feces is less than 10%. The use of the same guide-
lines for sewage and black water can be therefore argued, since black water is mainly
characterized by human originated content (feces and urine) while sewage is a mix-
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ture of industrial and domestic wastewater, and rainwater. To distinguish these two
streams in the sludge reuse regulation, a control parameter should be implemented,
such as the Hg and Pb content that is significantly higher in sewage sludge compared
to black water sludge (from 50– to 200–fold). The heavy metals in feces and urine are
primarily from dietary sources, and promotion of the soil application of black water
sludge over livestock manure and artificial fertilizers could further reduce the heavy
metal content in the soil/food cycle.
The concentrated streams of black water and kitchen refuse are considered the main
sources for energy recovery within source-separated sanitation concepts. To further
improve energy recovery, the organic matter present in grey water can be concentrated
in a bioflocculation unit and subsequently digested with black water. In Chapter 4
the potential of combining anaerobic grey water sludge treatment with black water
in an upflow anaerobic sludge blanket (UASB) reactor was investigated. Black water
and the mixture of black water and grey water sludge were compared in terms of
biochemical methane potential (BMP), UASB reactor performance, COD mass bal-
ance and methanization. Grey water sludge treatment with black water increased
the energy recovery by 23% in the UASB reactor compared to black water treatment,
not only due to additional organic fraction, but also by increasing the methanization.
The increase in the energy recovery can cover the increased heat demand of the UASB
reactor and the electricity demand of the grey water bioflocculation system with a
surplus of 0.7 kWh/cap/y electricity and 14 MJ/cap/y heat. However, grey water
sludge introduced more heavy metals in the excess sludge of the UASB reactor, and
might therefore hinder its soil application.
Recovery of phosphate from wastewater in the form of struvite is widely applied,
mostly due to its spontaneous precipitation process and the co-precipitation of am-
monium, resulting in a product that can be reused as a slow release fertilizer in
agriculture. However, recovered phosphate product needs to be certified in order to
be used as a fertilizer, and the reuse of struvite in agriculture is therefore limited.
Recovery of calcium phosphate is more beneficial as it has the effective composition
of phosphate rock, and can be therefore used as raw material in fertilizer industry.
In Chapter 5 a novel approach was introduced to recover phosphate by precipita-
tion of calcium phosphate granules in anaerobic treatment of black water. In this
approach, phosphate and energy can be simultaneously recovered in one anaerobic
reactor. The granules formed in the upflow anaerobic sludge blanket (UASB) reactor
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at lab– and demonstration–scale were analyzed for chemical composition and min-
eralogy by Inductively Coupled Plasma–Atomic Emission Spectroscopy (ICP–AES)
and direct spectral analysis. The granules had a diameter of 1–2 mm, organic content
of 33 wt%, and phosphorus content of 11–13 wt%. Three calcium phosphate phases
were identified in the granules: hydroxyapatite, calcium phosphate hydrate and car-
bonated hydroxyapatite. Without any addition of chemicals, 7 gP/person/year can
be recovered with the calcium phosphate granules, representing 2% of the incoming
phosphorus in the UASB reactor. As the heavy metal content was lower compared
to other phosphorus recovery products, phosphate rock and phosphorus fertilizer, the
calcium phosphate granules could be considered as a new phosphorus product.
In Chapter 6 phosphate and organic fertilizer recovery from black water is further
discussed, and a sanitation concept is proposed based on the knowledge gathered in
this thesis. In order to close the soil/food heavy metal cycle, external heavy metal
sources, such as manure and artificial fertilizers should be included in the heavy metal
regulation. Furthermore, to retain the purity of black water sludge, emphasis should
be laid on the excess sludge quality when co-digesting black water with kitchen refuse
or grey water sludge. A pretreatment step to disinfect black water sludge prior to
soil application is recommended, and different options, such as co-composting with
garden waste and hyper-thermophilic treatment are proposed. Cooperation between
the different stakeholder groups of building companies, agricultural sector, water
boards, and the government is needed for successful introduction of new fertilizer
products in agriculture. The goal of optimal phosphate recovery is production of
high purity product in an energy efficient reactor configuration with a minimum
addition of chemicals. The occurrence of high purity calcium phosphate granules in
this study can be attributed to the simultaneous influence of chemical, physical and
biological factors in the sludge bed of the UASB reactor operated on black water. To
optimize the calcium phosphate granulation, a small amount of additional calcium
together with seed material can be dosed using a fluidized bed reactor configuration.
In addition, selective use of micro-organisms can increase the calcium phosphate
granulation by enhanced metabolic activity. Finally, a sanitation concept is proposed
in which energy, phosphate in the form of calcium phosphate granules, and organic
fertilizer is recovered from vacuum collected black water using a lower flushing volume.
Grey water is treated separately to recover water, and alternatively to recover energy
in another anaerobic treatment unit.
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Samenvatting
Nieuwe sanitatie, ook wel brongescheiden sanitatie genoemd, heeft een groot poten-
tieel om belangrijke grondstoffen uit huishoudelijk afvalwater terug te winnen. In dit
proefschrift is een gentegreerd behandelingsconcept voor zwart en grijs water onder-
zocht, met als doel maximale terugwinning van grondstoffen. De focus ligt hierbij
vooral op de terugwinning van fosfaat en organische meststoffen uit met vacumtoi-
letten ingezameld zwart water. Hoofdstuk 1 beschrijft de huidige situatie rond de
afnemende bodemvruchtbaarheid van landbouwgrond en de problemen die verbonden
zijn aan het gebruik van kunstmatige fosfaatmeststoffen. Het organische stof gehalte
van de bodem is bepalend voor de capaciteit van de bodem om voedingsstoffen vast
te houden. Om de voedselproductie in stand te houden, is toevoeging van zowel
organische stof als minerale nutrie¨nten essentieel. Een groot deel van de nutrie¨nten
in de grond komt terecht in het voedsel en wordt door de mens, via de urine en
fecalie¨n, weer in het milieu teruggebracht. Door gescheiden inzameling van zwart
water, worden extra emissies van zware metalen afkomstig van industrieel afvalwa-
ter, vervuild regenwater en grijs water verminderd of voorkomen. Hierdoor kan het
slib, afkomstig uit gescheiden verwerking, als meststof gebruikt worden waardoor de
organische koolstof en nutrie¨nten weer op het land en in de voedselcyclus gebracht
worden en het gebruik van kunstmatige meststoffen overbodig wordt. Fosfaatmest-
stoffen worden voornamelijk gewonnen uit fosfaaterts, een bron die steeds schaarser
wordt en afneemt in kwaliteit Om de wereldvoedselproductie op peil te houden wordt
terugwinning van fosfaat uit reststromen noodzakelijk. Zwart water/fecalie¨n en urine
bevatten minder zware metalen en microverontreinigingen vergeleken met rioolwater
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en mest en zijn daarom ideale bronnen om fosfaat uit terug te winnen.
Afhankelijk van het juiste behandelingsproces en de lokale milieuomstandigheden,
vindt een optimale terugwinning van grondstoffen plaats. In Hoofdstuk 2 is op een
modelmatige wijze de integratie van verschillende behandelingsprocessen gericht op
terugwinning van energie, water en nutrie¨nten onderzocht. Het model is gebaseerd op
literatuurdata en vergelijkt de water– en energiebalans, de nutrie¨ntenterugwinning,
het chemicalie¨ngebruik, de eﬄuentkwaliteit en het benodigde grondoppervlak (foot-
print) voor 4 verschillende sanitatieconcepten: (1) gecentraliseerd, (2) gecentraliseerd
met separate inzameling van urine, (3) brongescheiden inzameling van zwart water,
groente– en fruitafval en grijs water, en (4) brongescheiden inzameling van urine,
fecalie¨n, groente– en fruitafval en grijs water. Het centrale sanitatieconcept (1) heeft
het hoogste primaire energieverbruik (914 MJ/persoon/jaar). Het sanitatieconcept
bestaande uit brongescheiden inzameling van urine, fecalie¨n, groente– en fruitafval
en grijs water (4) heeft het laagste primaire energieverbruik (437 MJ/persoon/jaar).
Het primaire energieverbruik neemt af bij grijs water bioflocculatie in combinatie met
co–vergisting van grijs water slib, maar de koppeling met hergebruik van grijs water
eﬄuent werkt negatief uit op het energieverbruik. De energiebalans, het terugwinnen
van nutrie¨nten en de kwaliteit van het eﬄuent verbeteren bij brongescheiden inzamel-
ing van urine. Wel vereist dit concept (2) meer grondoppervlak en meer chemicalie¨n
dan het centrale concept (1). Verlaging van het spoelvolume van vacuumtoiletten
van 6 naar 1,5 L/persoon/dag, leidt tot een verlaging in energieverbruik van de zwart
waterbehandeling van 35–55%, resulterend in het laagste primaire energieverbruik
van 156 MJ/persoon/jaar.
Het gehalte aan zware metalen in communaal zuiveringsslib verhindert op dit mo-
ment binnen de Europese Unie de toepassing van dit slib als meststof in de landbouw.
In Nederland wordt zuiveringsslib met name verbrand, waarbij de organische koolstof
gemineraliseerd wordt en in de atmosfeer terecht komt in plaats van in de bodem. Het
slib dat als restproduct vrijkomt bij gescheiden inzameling van zwart water met vac-
uumtoiletten, bevat aanzienlijk minder zware metalen dan communaal zuiveringsslib.
De te hoge concentraties aan koper en zink staan evenwel toepassing als meststof
in de landbouw in Nederland nog in de weg. In Hoofdstuk 3 wordt een volledige
massabalans voor zware metalen in zwart water gepresenteerd op basis van literatu-
urgegevens, aangevuld met controlemonsters die in het kader van dit onderzoek zijn
geanalyseerd. Hieruit blijkt dat fecalie¨n de grootste bijdrage leveren aan het gehalte
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zware metalen in met vacumtoiletten ingezameld zwart water (52%–84%), in riool-
water bedraagt dit aandeel vanuit fecalie¨n minder dan 10%. Het gebruik van dezelfde
richtlijnen voor toepassing van zuiveringsslib en slib afkomstig van zwart waterbe-
handeling in de landbouw is daarom betwistbaar, omdat zwart water voornamelijk
producten van menselijke oorsprong (fecalie¨n en urine) bevat, terwijl rioolwater een
mengsel is van industrieel en huishoudelijk afvalwater en regenwater. In de regelgev-
ing voor hergebruik zou een onderscheid tussen deze twee stromen terecht zijn door
het invoeren van een controleparameter, zoals het kwik– en loodgehalte. Dit is in
zuiveringsslib aanzienlijk hoger dan in zwart water slib (factor 50 tot 200 hoger). De
zware metalen in fecalie¨n en urine zijn voornamelijk afkomstig uit voedsel en toepass-
ing van zwart water slib als meststof in plaats van dierlijke mest en kunstmest leidt
tot een verlaging van het zware metalen gehalte in de bodem en voedselketen.
De geconcentreerde stromen zwart water en groente– en fruitafval zijn de belan-
grijkste bronnen voor energie terugwinning binnen brongescheiden sanitatie. De en-
ergieopbrengst kan verhoogd worden door de organische stof aanwezig in grijs water
te concentreren in een bioflocculatie unit en daarna te vergisten samen met zwart wa-
ter. De potentie van dit concept is in Hoofdstuk 4 onderzocht. Zwart water en een
mengsel van zwart water en grijs water slib is met elkaar vergeleken op de volgende
parameters: de potentie¨le methaanproductie (BMP), werking UASB (upflow anaero-
bic sludge blanket) reactor, CZV–massabalans en daadwerkelijke methaanproductie.
Door grijs water slib samen met zwart water te behandelen in een UASB reactor,
neemt de energieproductie toe met 23%, vergeleken met alleen zwart water behan-
deling. Dit komt niet alleen door de extra vracht aan organische stof maar ook door
de toegenomen methaanproductie. De toename in energieopbrengst dekt de extra
benodigde hoeveelheid warmte voor de UASB reactor en het elektriciteitsverbruik
van de grijs waterbehandeling (bioflocculatie) waarbij een surplus resteert van 0,7
kWh/persoon/jaar aan elektriciteit en 14 MJ/persoon/jaar aan warmte. Toevoeg-
ing van grijs water slib resulteert wel in een hoger gehalte aan zware metalen in het
UASB–slib en kan daardoor toepassing als meststof belemmeren.
Terugwinning van fosfaat uit afvalwater in de vorm van struviet wordt al breed
toegepast, vooral vanwege het spontane precipitatieproces en de coprecipitatie van
ammonium. Doordat de voedingsstoffen langzaam vrijkomen resulteert dit in een
langwerkende meststof. Om het product als meststof toe te passen dient het gecerti-
ficeerd te zijn en om die reden is toepassing van struviet nog gelimiteerd. Terugwin-
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ning van calciumfosfaat verdient de voorkeur omdat de samenstelling hiervan vergeli-
jkbaar is met die van fosfaaterts. Calciumfosfaat kan als grondstof gebruikt wordt in
de kunstmestindustrie. In Hoofdstuk 5 wordt een nieuwe benadering gentroduceerd
om tijdens de anaerobe behandeling van zwart water, fosfaat terug te winnen in de
vorm van calciumfosfaat korrels. Op deze manier kan in een anaerobe reactor zowel
fosfaat als energie teruggewonnen worden. De chemische en mineralogische samen-
stelling van de op lab– en demonstratieschaal geproduceerde korrels is bepaald door
middel van Inductively Coupled PlasmaAtomic Emission Spectroscopy (ICP-AES)
en directe spectrale analyse. De korrels hebben een diameter van 1–2 mm, een or-
ganisch stofgehalte van 33 gewicht% en een fosfaatgehalte van 11–13 gewicht%. Drie
vormen van calciumfosfaat zijn gedentificeerd in de korrels: hydroxyapatite, calcium
fosfaat hydraat en carbonated hydroxyapatite. Zonder enige toevoeging van chemi-
calie¨n kan 7 gP/persoon/jaar worden teruggewonnen in calciumfosfaat korrels, wat
overeenkomt met 2% van de fosfaatvracht in de UASB reactor. Omdat het gehalte
aan zware metalen lager is in vergelijking met andere fosfaatproducten, zoals fos-
faaterts en fosfaatkunstmest, kunnen de calciumfosfaat korrels gezien worden als een
nieuw fosfor product.
In Hoofdstuk 6 vindt een verdere discussie plaats over de terugwinning van fosfaat
en organische meststoffen uit zwart water en wordt een sanitatieconcept voorgesteld
gebaseerd op de kennis vergaard dit proefschrift. Om de zware metalen kringloop in
bodem/voedsel te sluiten moeten externe bronnen van zware metalen, zoals dierlijke
mest en kunstmest, meegenomen worden in de regelgeving. Om zo zuiver mogelijk
slib te produceren, dient de kwaliteit van extra toe te voegen slib goed in de gaten
gehouden worden, wanneer zwart water in combinatie met groente– en fruitafval
of grijs water slib wordt vergist. Een voorbehandelingstap voor zwart water slib
bestaande uit desinfectie, wordt aanbevolen voorafgaand aan de toepassing als mest-
stof en verschillende opties zoals co–compostering met tuinafval en hyper thermofiele
behandeling worden voorgesteld. Een goede samenwerking tussen de verschillende
stakeholders zoals de bouwsector, de agrarische sector, sanitairleveranciers, water-
schappen en overheden is noodzakelijk voor een succesvolle introductie van nieuwe
meststoffen in de landbouw. Het doel van optimale fosfaatterugwinning is de pro-
ductie van een zuiver product in een energie–efficie¨nte reactorconfiguratie met een
minimale toevoeging van chemicalie¨n. Het ontstaan van zuivere calciumfosfaat ko-
rrels in deze studie wordt toegeschreven aan de gelijktijdige invloed van chemische,
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fysische en biologische factoren in het slib bed van de UASB reactor. De vorming
van calciumfosfaat korrels kan geoptimaliseerd worden door een kleine hoeveelheid
calcium in combinatie met entmateriaal toe te voegen in een fluidized bed reactor.
Daarnaast kan bij een selectief gebruik van micro–organismen met een verhoogde
metabolische activiteit de korrelproductie verhoogd worden. Het proefschrift sluit af
met een sanitatieconcept waarbij energie, fosfaat in de vorm van calciumfosfaat kor-
rels en organische meststof wordt teruggewonnen uit vacum ingezameld zwart water.
Grijs water wordt apart behandeld teneinde het water her te gebruiken of energie
terug te winnen in een aparte anaerobe behandelingsstap.
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